Age estimation of the auricular surface of the ilium : a comparison between physical examination and photographic evidence by Flanaghan, Tyla P.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Age estimation of the auricular surface of the ilium: 
a comparison between physical examination and 
photographic evidence 
Thesis presented by: 
Tyla Paige Flanaghan 
BSc (Forensic Science) 
 
Primary Supervisor: 
Dr Manisha Dayal 
 
Co-Supervisor: 
Dr Robert Ebeyan 
 
Submitted in fulfilment of requirements for the degree of 
Master of Research 
 
Submitted to the School of Science and Health 
Western Sydney University 
 
9th of December 2018 
Edit: 27th of May 2019 
For the late Peter Flanaghan, 
Who despite distance and the other difficulties of life was a great influence to me.  
Thank you for the memories, and the laughs.  
 
Smile though your heart is aching,  
Smile even though it’s breaking, 
When there are clouds in the sky, you’ll get by, 
If you smile through your fear and sorrow, 
Smile and maybe tomorrow, 
You’ll see the sun come shining through for you. 
-Nat King Cole 
 
 
 
 
Acknowledgements  
Firstly, I would like to thank my primary supervisor Dr Manisha Dayal for her assistance with 
all aspects of this thesis and for guiding me through this process. I can honestly say that I 
wouldn’t have made it through this research without your help and understanding. You have 
been invaluable, and I thank you for taking the time to help me. I would also like to thank my 
secondary supervisor, Dr Robert Ebeyan. Your words of encouragement and assistance with 
the forensic photography aspects of this research were immensely important. Once again 
without your assistance I would never have reached this end point.  
 
I’d like to mention my appreciation towards Western Sydney University for providing the 
funding and amazing opportunity to undertake this research. My gratitude also extends to the 
WSU teaching staff that assisted me in whatever ways I required throughout the evolution of 
this Master of Research thesis. 
 
Finally, I have to thank my friends and family who have supported and listened to me. I can 
never thank you enough for all the things you have either intentionally or unintentionally done 
to help me through this convoluted journey. None of this would have been possible if it wasn’t 
for you. So, thank you to my long-term and newly found friends; Emma Gledhill, Stephanie 
Chavez, Rylee Lam and Emma Bonaccordo. A special thank you to my Mother, Father, little 
sister Tenisan and Grandparents. You have all been truly incredible. Another thank you goes 
to Adam Henwood. Your constant love and motivational words literally forced me into doing 
the vast majority of this thesis, so I thank you from the bottom of my heart. And finally to my 
puppy Zeus you kept me sane and loved. 
 
 
 
Statement of Authentication 
The work presented in this thesis is, to the best of my knowledge and belief, original except as 
acknowledged in the text. I hereby declare that I have not submitted this material, either in full or in 
part, for a degree at this or any other institution. 
 
 
 
Tyla P. Flanaghan 
 i 
 
Table of Contents 
Disclaimer ................................................................................................................................ iv 
List of tables .............................................................................................................................. v 
List of figures .......................................................................................................................... vii 
Abstract ..................................................................................................................................... x 
Chapter 1: Introduction .......................................................................................................... 1 
1.1 Forensic science & forensic anthropology ....................................................................... 1 
1.2 Biological profiling & age estimation ............................................................................... 4 
1.3 Age estimation using the sacroiliac joint & auricular surface of the ilium .................. 9 
1.3.1 Methods of age estimation from the auricular surface of the ilium ....................... 9 
1.3.2 Anatomy of the joint .................................................................................................. 10 
1.3.3 Features of the auricular surface used in age estimation ....................................... 13 
1.4 Forensic photography & advanced imaging in forensic anthropology ....................... 15 
Chapter 2: Literature Review ............................................................................................... 18 
2.1 Lovejoy et al. (1985) ......................................................................................................... 18 
2.2 Buckberry & Chamberlain (2002) ................................................................................... 26 
2.3 Osborne, Simmons & Nawrocki (2004) ......................................................................... 31 
2.4 Igarashi et al. (2005) .......................................................................................................... 33 
2.5 Skeletal Collections ........................................................................................................... 36 
2.5.1 Libben Collection ............................................................................................... 37 
2.5.2 Hamann-Todd Collection ................................................................................... 37 
2.5.3 Spitalfields Collection ........................................................................................ 38 
2.5.4 William M. Bass Donated Skeletal Collection ................................................... 38 
2.5.5 Robert J. Terry Collection .................................................................................. 38 
2.5.6 Raymond A. Dart Collection .............................................................................. 39 
2.5.7 Australian skeletal collections ............................................................................ 39 
2.6 Remote imaging and Hutchinson & Russell (2001) ...................................................... 40 
2.7 Research aims .................................................................................................................... 42 
Chapter 3: Materials and Methods ...................................................................................... 44 
3.1 Materials ............................................................................................................................. 44 
3.2 Methods .............................................................................................................................. 46 
3.2.1 Photography experiment ..................................................................................... 48 
 ii 
3.2.2 Morphological analysis ....................................................................................... 50 
3.3 Data Analysis ..................................................................................................................... 51 
3.3.1 Pilot study ........................................................................................................... 51 
3.3.2 Photography experiment ..................................................................................... 51 
3.3.3 Morphological analysis ....................................................................................... 52 
3.3.4 Comparisons ....................................................................................................... 52 
3.3.4.1    Intraobserver error .................................................................................... 52 
3.3.4.2    Left vs right ilium ..................................................................................... 52 
3.3.4.3    Documented age vs estimated age ............................................................ 52 
3.3.4.4    Age demographic ..................................................................................... 53 
3.3.4.5    Male vs female ......................................................................................... 54 
3.3.4.6    Population affinity differences ................................................................. 54 
3.3.4.7    Sex and population affinity differences .................................................... 55 
3.3.4.8    Physical examination vs digital examination ........................................... 55 
Chapter 4: Results .................................................................................................................. 56 
4.1 Pilot study ........................................................................................................................... 56 
4.2 Photography experiment ................................................................................................... 56 
4.3 Morphological analysis ..................................................................................................... 59 
4.4 Comparisons ....................................................................................................................... 62 
4.4.1 Intraobserver error .............................................................................................. 62 
4.4.2 Left vs. right ilium .............................................................................................. 63 
4.4.3 Documented age vs estimated age ...................................................................... 65 
4.4.4 Age demographic ................................................................................................ 69 
4.4.5 Male vs female .................................................................................................... 76 
4.4.6 Population affinity differences ........................................................................... 81 
4.4.7 Sex and population affinity differences .............................................................. 86 
4.4.8 Physical examination vs digital examination ..................................................... 91 
Chapter 5: Discussion ............................................................................................................ 94 
5.1 Summary ............................................................................................................................. 94 
5.2 Limitations .......................................................................................................................... 97 
5.2.1 Methods .............................................................................................................. 97 
5.2.1.1    Difficulty .................................................................................................. 97 
5.2.1.2    Terminology ............................................................................................. 99 
 iii 
5.2.1.3    2D vs 3D images .................................................................................... 101 
5.2.2 Resources .......................................................................................................... 102 
5.2.2.1    Dart Collection ....................................................................................... 102 
5.2.2.2    Secular trend ........................................................................................... 103 
5.2.2.3    Photographs ............................................................................................ 104 
5.2.3 Examiner experience ........................................................................................ 107 
5.3 Integration ......................................................................................................................... 108 
5.4 Implications ...................................................................................................................... 110 
5.5 Recommendations ........................................................................................................... 111 
Chapter 6: Conclusion ......................................................................................................... 113 
References ............................................................................................................................. 115 
Appendix I: Repeatability test formula ............................................................................. 133 
Appendix II: Linear regression raw data for Lovejoy et al. (1985); Buckberry & 
Chamberlain (2002) and Osborne, Simmons & Nawrocki (2004) ................................... 134 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 iv 
Disclaimer 
Throughout this thesis two population affinities are used, these are the ‘South African African’ 
and ‘South African White’ populations. In the past papers originating from South Africa, such 
as Kramer & Hutchinson (2015), referred to the aforementioned populations as ‘blacks’ and 
‘whites’. However, more recently Kramer et al. (2018) has begun to use the terms ‘South 
African African’ and ‘South African White’. Following the example of the more recently 
published paper the population affinity terms mentioned by Kramer et al. (2018) were adopted 
in this thesis. These terms were used despite the large number of tribes and various distinct sub-
populations within South Africa. All subgroups of the ‘South African African’ population were 
able to be combined into one population affinity due to the lack of statistical difference in the 
skeletal measures between the different subgroups (De Villiers 1968; Lundy 1984). Meanwhile, 
all individuals who are not of South African descent, for example people of European descent, 
were referred to as ‘South African White’. 
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Abstract 
The critical development of an age at death estimation for an individual in forensic 
anthropology is usually estimated directly from physical skeletal remains, but in certain 
circumstances it may be pertinent to utilise photographic evidence. Unfortunately, the validity 
of currently established age estimation methods for use on photographic evidence has not been 
satisfactorily examined. The aim of this study was to test three age estimation methods using 
photographs of the auricular surface of the ilium. The three methods: Lovejoy, Meindl, 
Pryzbeck & Mensforth (1985), Buckberry & Chamberlain (2002) and Osborne, Simmons & 
Nawrocki (2004); were tested on photographs of the auricular surface of the ilium housed in 
the Raymond A. Dart Collection. The Lovejoy et. al. (1985) method was the least accurate for 
photographic age estimation despite the sex or population affinity of the individual, with 20 
out of 429 individuals (5%) correctly estimated. Meanwhile, both the Buckberry & 
Chamberlain (2002) and Osborne, Simmons & Nawrocki (2004) methods correctly estimated 
a much larger group of individuals, respectively estimating 351and 341 individuals (~80%) 
correctly regardless of sex or population affinity. It was concluded that the Lovejoy et al. (1985) 
method may not suitable for photographic evidence, while the Buckberry & Chamberlain 
(2002) and Osborne, Simmons & Nawrocki (2004) methods have the potential to be valid age 
estimation methods for photographic evidence. Therefore, it is possible that the Buckberry & 
Chamberlain (2002) and Osborne, Simmons & Nawrocki (2004) methods may be able to form 
the basis of a digital system of skeletal remains for comparative age estimation purposes. The 
validation of age estimation methods using photographic evidence provides the opportunity for 
remote forensic anthropological age estimations for academic and medico-legal purposes.
 1 
Chapter 1: Introduction 
1.1 Forensic science & forensic anthropology 
Forensic science is the scientific collection, examination and analysis of evidence 
pertaining to criminal or civil matters being investigated by the legal system (Jackson 
2011a; Peterson et al. 2010). The three forensic investigative stages of collection, 
analysis and presentation of evidence by expert witness testimony have become a 
routine part of criminal and civil investigations (Jackson 2011a; Roberts 2015). The 
criminal justice system makes more frequent use of and has begun to rely upon forensic 
science. Since the establishment of forensic science, law enforcement agencies and the 
criminal justice system have become increasingly dependent upon the provision of 
expert forensic testimony in court (Julian & Kelty 2012). Today forensic science has 
a crucial part to play in the exoneration or prosecution of people of interest in criminal 
proceedings (Jackson 2011a; Roberts 2015). The increased importance and use of 
forensic science within law enforcement is partly due to the exponential advancement 
and expansion of technology in the field (Roberts 2015). This augmented utilisation of 
forensic science has led to an increase in public awareness, and in turn has amplified 
the importance of forensic science as a legal tool. Contemporary forensic science 
comprises of a vast number of subfields that can cooperatively work to assist law 
enforcement where needed, forensic anthropology is one such subfield (Işcan 1988; 
Işcan & Steyn 2013a).  
 
Forensic anthropology is the practice of applying physical anthropological knowledge 
and methods in a medico-legal context (Blau 2018; Ubelaker 2018). Forensic 
anthropology has been defined several times since the development of the discipline, 
but as of yet there is no definition that adequately describes the variation of practices 
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incorporated (Işcan & Steyn 2013a). Traditionally, forensic anthropology was the 
recovery and scientific examination of unidentified skeletonised remains suspected of 
being human to assist law enforcement agencies in the identification of a deceased 
person and provide medico-legal evidence in any subsequent legal proceedings (Blau 
& Briggs 2011; Simmons & Haglund 2005; Ubelaker 2018). The modern discipline 
has since developed beyond this original skeletal identification-based scope, however 
this continues to be the main focus. The modern discipline includes expertise in living 
anthropology, identification of burnt and decomposing remains, trauma evaluation and 
forensic archaeology (Simmons & Haglund 2005; Ubelaker 2018).  
 
The initial step in any anthropological work is to establish whether skeletal remains 
are of human origin, once established as human remains the thorough examination for 
identification and trauma purposes can begin (Jackson 2011b). The origin and basis of 
the discipline lies in physical anthropology, and as such before the establishment of 
forensic anthropology as a unique discipline it was regarded as being under the 
umbrella of general physical anthropology (Blau 2018; Işcan 1988; Işcan & Steyn 
2013a; Ubelaker 2018). While physical anthropology focuses on the understanding of 
human evolution through the study of past populations, forensic anthropology focuses 
primarily on the identification of the modern population. Forensic anthropology 
utilises some of the base principles of skeletal examination from physical 
anthropology, such as age estimation and determination of population affinity. 
However, these principles are used to provide a set of characteristics that will assist in 
the identification of deceased members of the modern population.  
 
Forensic anthropologists are extensively involved in ‘disaster victim identification’ 
(DVI) efforts (Blau & Briggs 2011; Jackson 2011b; Kahana & Hiss 2009; Mundorff 
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2012). DVI situations are those where an event has caused significant mass fatalities, 
such as uncovered mass burials sites remaining from wars or incidences of genocide 
and events of natural mass disaster. The recognition of forensic anthropologists as an 
essential part of DVI work has grown recently. This is due to the acknowledgement of 
the importance of expert knowledge in human anatomy in situations where there are 
potentially thousands of missing deceased individuals (Blau & Briggs 2011; Kahana 
& Hiss 2009). The level of intimate anatomical knowledge and experience that a 
forensic anthropologist possesses regarding human remains, especially those that have 
been fragmented or damaged in some way, is the reason it is pertinent for an expert to 
be involved in the DVI process (Mundorff 2012). DNA analysis may be the preferred 
method of identification confirmation, but it is necessary to enlist a forensic 
anthropologist to separate the bones of different individuals and establish a biological 
profile. The biological profile is especially important in situations where there is 
insufficient evidence left for DNA analysis, such as circumstances where the remains 
were badly burnt or are over a decade old (Jackson 2011b). 
 
It is for this reason that thorough validation research into methods to help individualise 
the remains of a deceased victim is critically important. Age at time of death estimation 
methods can play a critical role in DVI and general forensic cases that concern 
skeletonised or burnt human remains. Studies into the improvement and development 
of these anthropological methods will assist with the practical laboratory work, but 
also in a court-based setting to provide justification for the work of the forensic 
anthropologist.  
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1.2 Biological profiling & age estimation 
To determine the identity of an individual a forensic anthropologist must develop a 
biological profile of the victim based on skeletal characteristics observed when 
examining the remains. A biological profile is an estimation of the four class 
characteristics known as age, sex, stature and geographical population affinity that are 
established from skeletal features (Márquez-Grant 2015). The degree of completeness 
and condition of the skeleton may impact upon the ability of a forensic anthropologist 
to establish these class characteristics. Alone the biological profile may not be specific 
enough for identification, but the use of individualising features in conjunction with 
the class characteristics decreases the parameters of the deceased’s profile and 
increases chances of identification (Jackson 2011b; Kahana & Hiss 2009). These 
individualising features are characteristics that are specific to the individual; such as 
evidence of surgical procedures, bone injuries or diseases. These features will enable 
the forensic anthropologist to estimate narrower parameters with which to determine 
the identity of the individual (Jackson 2011b; Kahana & Hiss 2009). Biological 
profiles can be immensely important to law enforcement agencies when attempting to 
identify unknown deceased victims of crime when DNA profiling is not an option, and 
as such are one of the most commonly requested forensic anthropological services 
(Márquez-Grant 2015).  
 
Critical to a biological profile, and often considered the most challenging element, is 
the estimation of the age of the individual at the time of their death (Işcan 1988; 
Moraitis et al. 2014). In forensic anthropology, this is established through the 
examination of degenerative changes of bony features on age indicating sections of 
skeletal remains. The age estimation of immature children, or subadult, skeletal 
remains is less complicated in comparison to that of adult skeletal remains (Merritt 
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2013). This is because children develop in a predictable pattern that has been well 
documented allowing forensic anthropologists to accurately estimate an age range with 
significantly more ease than in adult skeletal cases (Merritt 2013; Mulhern & Jones 
2005; Ubelaker 1987). Experts frequently utilise skull sutures, ossification centres, 
epiphyseal fusion and bone growth for subadult age estimation, but the most 
commonly used method is dental examination (Gocha et al. 2015). Dental 
development is the most accurate and stable juvenile age indicator due to the low 
likelihood of the development pattern being significantly affected by environmental 
and nutritional factors (Alqahtani, Hector & Liversidge 2014; Karkhanis, Mack & 
Franklin 2015).  
 
Adult age estimation on the other hand may present a challenge for even experienced 
forensic anthropologists. It is extremely challenging to correctly estimate the age of a 
deceased adult and has been an area that has constantly sought improvement 
throughout the development of the field (Altes 2016). Despite the continued 
investigation into the production of a less complicated and more precise age estimation 
method this problem with ease of application remains unsolved (Altes 2016; Lovejoy, 
Meindl, Pryzbeck & Mensforth 19851; Nishi et al. 2018). It is more difficult for 
inexperienced forensic anthropologists as it may be hard to determine the difference 
between individual and age dependant variation. This is due to the tendency of the 
body to degenerate at highly variable rates between different bone features, but also 
between individuals (Nishi et al. 2018; Herrera & Retamal 2017). Once the 
development of the body stops, the exponential degeneration of the body begins. 
Young adults experience subtle minimal changes between individuals, while the more 
                                               
1 From this point onwards referred to as Lovejoy et al. (1985). 
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elderly experience large highly variable changes between individuals (Işcan 1988; 
Işcan & Steyn 2013b). The lifestyle, nutrition and genetics of an individual will impact 
upon the degeneration process of the skeleton, and subsequently make it more difficult 
to determine an accurate age estimation (Işcan & Steyn 2013b).  
 
These limitations with adult age estimation tend to result in an overestimation of young 
individuals and an underestimation of older individuals (Işcan & Steyn 2013b). In 
general, the age estimation of adult skeletal remains is less accurate and provides a 
broader age range estimate than juvenile remains (Storey 2007). It is commonly 
recommended that multiple anatomical regions of the skeleton be utilised when 
providing an age estimation in forensic cases. However, it is also suggested these 
multifactorial age estimation methods are not always the best way to achieve an 
accurate estimate (Işcan & Steyn 2013b; Lovejoy, Meindl, Mensforth & Barton 1985; 
Villa & Lynnerup 2014). The multifactorial method works most accurately when a 
large sample is present for seriation, and as such may not be appropriate for use in 
forensic cases involving only one set of human remains (Bedford et al. 1993). 
Furthermore, it was suggested by Schmitt (2004) that a single factor is just as reliable 
as multiple. The recommendation was that only the most reliable factor be considered 
when developing an age estimation.  
 
The most frequent type of skeletal age estimation is the macroscopic examination of 
the morphological changes in features present on the bone surface, but other types do 
exist within the field. Most of the bone surfaces used for age estimation are joints 
where two surfaces rub together during movement of the body (Altes 2016). This 
movement causes a morphological metamorphosis to occur over time due to the 
degeneration of the bone surface which becomes progressively more significant with 
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age (Altes 2016). Macroscopic age estimation has a few advantages that make it a 
more common choice for practicing forensic anthropologists (Gocha et al. 2015). Most 
importantly from a forensic perspective it is the least likely to destroy the skeletal 
remains, which is essential for evidence integrity and the peace of mind of the family 
of the individual (Igarashi et al. 2005; Toom 2017). Another major advantage, 
especially in time sensitive cases, is the ease and quicker application of macroscopic 
methods (Gocha et al. 2015; Igarashi et al. 2005). Macroscopic methods are also less 
expensive as they do not require any specialised equipment; only the skeletal remains, 
knowledge of human anatomy and the appropriate method (Gocha et al. 2015). 
Although, macroscopic methods do tend to have a higher rate of intraobserver error 
due to the reliance on the examiner (Gocha et al. 2015). Other methods which may be 
employed to determine age using skeletal remains are radiology, microscopy, 
radiocarbon analysis and DNA analysis (Cattaneo 2007). DNA may be a popular and 
well known method of identification, but in the case of burnt or severely dried remains 
a reliance on it alone could be misplaced as it may be impossible to extract DNA from 
the bone (Cattaneo 2007).  
 
Regarding adult skeletal remains the two most frequently utilised areas for 
macroscopic age estimation are the pubic symphysis and the auricular surface of the 
ilium (Miranker 2016; Moraitis et al. 2014). The examination of the sternal ends of the 
ribs, cranial sutures, acetabulum, vertebral column and radiographic imaging of bone 
density have also been used at times (Işcan 1988; Işcan & Steyn 2013b). The pubic 
symphysis is the most widely used and extensively studied skeletal age indicator in 
forensic or physical anthropology (Işcan 1988; Savall et al. 2016).  
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Todd (1921) was the first to propose the use of the degenerative changes present on 
the pubic symphysis as an indicator of age at death and his method was commonly 
used until a revision was published. The revision of the Todd (1921) method produced 
the Suchey-Brooks (1990) method, which is currently the most widely used adult age 
estimation method throughout the world (Brooks & Suchey 1990; Xanthopoulou et al. 
2018). The Suchey-Brooks (1990) age estimation method is the least criticised and 
most tested of all the adult methods. The only major issue with the method is the 
decline in accuracy after the 4th decade of life, making older adult age estimations more 
unreliable (Savall et al. 2016; Xanthopoulou et al. 2018). Therefore, in situations 
where the individual is elderly the auricular surface of the ilium is advantageous 
(Lovejoy et al. 1985; Priya 2017). The auricular surface has the potential to display 
more accurate morphological changes past the age of 40 years than the pubic 
symphysis, therefore enabling forensic anthropologists to produce more reliable and 
accurate elderly age estimations (Bedford et al. 1993; Meindl & Lovejoy 1989).  
 
The pubic symphysis and auricular surface of the ilium are resistant to degeneration 
once the individual is deceased which is why they are so frequently utilised. The 
auricular surface of the ilium has an especially high survival and discovery rate, even 
within archaeological populations, making it a highly favourable surface choice (Priya 
2017). Forensic anthropological work can provide the basic profile of an individual 
that may lead to a narrowed pool of potential identities. This is where more 
sophisticated and modern techniques of identification, such as DNA, can be used to 
confirm identity (Mundorff 2012).   
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1.3 Age estimation using the sacroiliac joint & auricular surface of the 
ilium 
1.3.1 Methods of age estimation from the auricular surface of the ilium  
There are a number of methods to estimate age from adult auricular surfaces of the 
ilium. The following are all based on the macroscopic age-related progression of 
feature degeneration. A method that focuses on placing a surface directly into an age 
phase based on a holistic examination of the surface is known as a phase-based method 
(Lovejoy et al. 1985; Osborne, Simmons & Nawrocki 2004). Meanwhile, a composite 
or component-based method involves the utilisation of individual numerical values or 
scores to represent the level of degeneration present for each feature. These individual 
scores are then combined to provide a total score and finally an age estimate 
(Buckberry & Chamberlain 2002). Igarashi et al. (2005) developed a binary method, 
which utilises a multiple regression analysis based on the presence or absence of a set 
of age indicating features. Another more uncommonly used method of estimating age 
is the multifactorial method with statistical analysis to combine several surface 
estimations with the aim of producing a more precise age estimate (Lovejoy, Meindl, 
Mensforth & Barton 1985; Merritt 2014).  
 
The auricular surface is gaining popularity as an age estimation method due to the 
potential for more precise age estimation (Millán, Rissech & Turbon 2013; Storey 
2007). The progressive morphological changes of the auricular surface of the ilium 
were first documented and subsequently accredited to an increase in age by Sashin in 
1930 (cited in Lovejoy et al. 1985) long after the development of the pubic symphysis 
method in 1921 by Todd. Following this, the first phased-based method was published 
by Lovejoy et al. (1985) followed by the revised composite-based Buckberry & 
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Chamberlain (2002) method. Osborne, Simmons & Nawrocki (2004) eventually 
modified the original method to produce another phased-based age estimation method. 
 
1.3.2 Anatomy of the joint  
The auricular surface of the ilium has been documented to be a well preserved and 
reliable surface after the fourth decade of life, and as such can be a good indicator of 
age (Bedford et al. 1993; Meindl & Lovejoy 1989; Igarashi et al. 2005; Osborne, 
Simmons & Nawrocki 2004). The ilium is the largest and most superior part of the 
pelvis which along with the sacrum forms the pelvic girdle (Figure 1.1). The convex 
slightly bean shaped surface of the ilium is known as the auricular surface of the ilium 
(Altes 2016) (Figure 1.2). The auricular surfaces of the ilium and sacrum form the 
sacroiliac joint that facilitates the transfer of weight from the upper body to the lower 
limbs, while also allowing the spinal cord and blood vessels to pass through to the 
lower body (Kampen & Tillmann 1998; Nishi et al. 2018; Resnick, Niwayama & 
Goergen 1975). The corresponding articular surfaces have a series of complementary 
projections and depressions that can be used as age indicating features (Nishi et al. 
2018).  
 
The sacroiliac joint is a compound joint consisting of both a synovial component and 
a fibrous component. The synovial component is found between the anterior auricular 
surfaces of the ilium and sacrum which is covered with an articular cartilage, while the 
fibrous component is found between the posteriorly lying tuberosities of these bones. 
Movement in the posterior part of this joint is limited, but anteriorly movement still 
occurs freely enough to produce morphological changes on the surfaces which 
generally occurs with an increase in age (Bowen & Cassidy 1981; Resnick, Niwayama 
& Goergen 1975).  
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Figure 1.1 Image highlighting the location of the 
auricular surface of the ilium (red circle) and 
pubis symphysis (blue circle) when the pelvic 
girdle is intact.  
Figure 1.2 (A) Image highlighting the 
auricular surface of a right ilium (red dotted 
area) (Western Sydney University Teaching 
Collection). Insert (B): extracted view of 
the surface. 
 
(A) 
(B) 
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The sacral surface has a thick hyaline cartilage that is roughly double to triple the 
thickness of the fibrous cartilage on the corresponding iliac surface; meaning the iliac 
surface has an earlier onset and faster, more pronounced progression of degenerative 
metamorphosis (Bowen & Cassidy 1981; Nishi et al. 2017; Paquin et al. 1983). This 
difference in thickness, as well as the friction caused by the additional locomotive 
forces do not cause the same progression of degenerative changes upon the sacrum 
(Kampen & Tillmann 1998; Paquin et al. 1983; Resnick, Niwayama & Goergen 1975). 
Due to the greater capacity of the auricular surface of the sacrum to resist degenerative 
changes, the sacral surface remains comparatively insignificantly changed until the 
later stages of life. The sacral surface is therefore not recommended for age estimation 
purposes, and hence the auricular surface of the ilium is preferable for age estimation 
(Bowen & Cassidy 1981; Kampen & Tillmann 1998).   
 
The auricular surface of the ilium is split into a superior and inferior demiface that are 
named for their location when the body is in anatomical position (Figure 1.3). The 
surface apex is located on the lateral side of the superior demiface and is used as a 
secondary age indicating feature (Lovejoy et al. 1985). The retroauricular area of the 
surface is located medially posterior to the actual articulating surface and is also a 
secondary feature (Lovejoy et al. 1985). The articular facets of the ilium and sacrum 
both display morphological changes due to aging that begin at the onset of puberty 
(Kampen & Tillmann 1998).  
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1.3.3 Features of the auricular surface used in age estimation 
There are seven morphological age indicating features of the auricular surface of the 
ilium, one of which can be split into a further two sub-features (Table 1.1). According 
to Lovejoy et al. (1985) the primary surface features that are essential to estimate age 
from the auricular surface of the ilium are grain & density (also known as granularity), 
billowing, striations, transverse organisation and porosity. Lovejoy et al. (1985) 
classifies porosity as one feature, but porosity was divided into two further subgroups 
(macroporosity and microporosity) by Buckberry & Chamberlain (2002). Buckberry 
& Chamberlain (2002) also changed the names of the two secondary (auxiliary) 
features to the apex and retroauricular area (Figure 1.3). These secondary features are 
Figure 1.3 Anatomy of the auricular surface of 
a right ilium. 
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used to reaffirm the age estimate, or in the case of the Lovejoy et al. (1985) method 
refine the age estimate to produce a single year estimate. Factors other than age have 
been suggested to impact upon the morphological appearance of the joint surface; 
namely injury, osteoarthritis and childbirth (Igarashi et al. 2005). The impact of these 
factors and their subsequent impact upon age estimation is debatable (Buckberry & 
Chamberlain 2002; Lovejoy et al. 1985; Moraitis et al. 2014; Mulhern & Jones 2005; 
Murray & Murray 1991).  
 
Feature Type of feature 
Paraphrasing of Lovejoy et al. (1985) feature 
description 
Grain & density Primary Gross appearance of the surface using the naked eye 
Billowing Primary The presence or absence of regular ridging that runs transversely across the surface 
Striations Primary Slightly raised transverse ridging (only difference from billowing is intensity) 
Transverse 
organisation Primary 
A definite anteroposterior directionality of the 
ridging on the surface 
Porosity Primary 
Perforations in the surface of the bone. 
Microporosity usually less than 1 mm wide, 
and macroporosity 1 to 10 mm wide 
Apical change Auxiliary Perimeter of the surface that is in contact with the arcuate line (Figure 1.3) 
Retroauricular 
change Auxiliary 
The general area posterior to the auricular 
surface (Figure 1.3) 
Table 1.1 Descriptions of the seven surface features of the auricular surface of the ilium. 
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1.4 Forensic photography & advanced imaging in forensic anthropology 
Forensic photography began in the mid-19th century, with crime scene photography 
specifically dating back to the late 1860s (Robinson 2010a). Today, forensic 
photography is widely utilised throughout the field of forensic science, but its most 
frequent application would be in crime scene documentation. Photography plays a 
crucial role in evidence integrity as it allows in situ evidence to be recorded accurately 
and without bias to elaborate on a written description (Milliet, Delémont & Margot 
2014; Robinson 2010c). Photography is a great tool in forensic science as it has the 
potential to document evidence without bias and allows this information to be shared 
instantaneously between professionals, increasing the efficacy of forensic work.  
 
In forensic anthropology photography is utilised to document all remains and evidence, 
both in situ and in the laboratory (Garvin & Stock 2016). An area where photography 
has not been widely utilised but has recently become an area of research is in the 
development of remote biological profile estimation (Hutchinson & Russell 2001). 
The capabilities and limitations of digital photographic evidence regarding age 
estimation of skeletal remains has not been extensively researched. If the capabilities 
of photographic evidence are investigated, it may be possible to facilitate the instant 
transfer of evidence over vast distances reducing the necessity for examiner travel 
(Garvin & Stock 2016; Hutchinson & Russell 2001). Regarding the auricular surface 
of the ilium, only one paper by Hutchinson & Russell (2001) has been published that 
attempted to use photographic evidence for remote age estimation purposes. The 
Hutchinson & Russell (2001) study compared photographic estimates of the auricular 
surface to physical estimates, instead of using photographs to only document the 
auricular surfaces of the ilium.  
 
 16 
The vast majority of age estimation methods have some form of photographic or visual 
representation aspect that was created with the purpose of comparison to the 
individuals being examined. Todd (1921) incorporated hand drawn diagrams for each 
of the pubic symphysis phases, while Suchey-Brooks (1990) utilised photography to 
create an image of each of pubis symphysial phases. The sternal ends of the ribs were 
also photographed by Işcan, Loth & Wright (1984; 1985) for comparison against 
specimens in order to determine the most appropriate age phase. Lovejoy et al. (1985) 
recreated images of auricular surfaces that best represented each age phase for use as 
models, as did Bedford et al (1993) to use as teaching models. These methods provided 
a two-dimensional (2D) representation of the metamorphosis of the joint surface in 
each phase for comparison to a three-dimensional (3D) specimen that required an age 
estimation. The methods failed to consider not only the implications of drawing a 
comparison from a 2D image when examining a 3D specimen, but also the application 
of comparing two 2D images to produce an age estimate. Hence, remote age estimation 
capabilities were not considered.  
 
It is becoming increasingly common for forensic anthropologists to utilise more 
contemporary sophisticated technology than digital photography, such as advanced 
imaging techniques (Garvin & Stock 2016; Villa et al. 2013). The collecting of 
computed tomography (CT) scans, X-ray images and 3D laser scans of a bone surfaces 
creates the potential for a digital skeletal database that could be utilised for research 
purposes (Franklin, Swift & Flavel 2016). This would facilitate increased research as 
unprecedented access to skeletal material would be possible.  
 
 
The benefits to this type of digital collection include the minimisation of damage and 
loss to specimens, along with the ability to examine the collection around the world 
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(Franklin, Swift & Flavel 2016). By utilising digital cataloguing, these remains are 
able to be rapidly returned to the family ensuring the individual’s loved ones are able 
to mourn and find closure over their death (Toom 2017). Unfortunately, the use of 
these advanced technologies requires more training and funding than the less 
expensive traditional method of physical collections, or even digital photography 
(Garvin & Stock 2016). Due to the expense of these technologies and their associated 
programs required for analysis of the data, many laboratories or crime scenes around 
the world (e.g. remote DVI sites) may not have access to this advanced imaging 
technology (Garvin & Stock 2016). Even laboratories that have access to this 
technology face the problem of the specialised training required to operate and analyse 
the data from this equipment. Despite this, 3D digital images are becoming 
increasingly common in investigative work due to the permanency of the collection 
and the large amount of data that can be obtained (Villa et al. 2013).  
 
It is essential that validation research into remote age estimation be carried out due to 
the huge practical implications it possesses. The ability to capture either a 
photographic or advanced digital image of a set of skeletal remains with the purpose 
of further remote examination would be immeasurably useful in a multitude of 
situations. The majority of police forces are equipped with professional camera 
equipment while lacking the more advanced technology capable of such advances as 
3D scanning, hence why photographic evidence was utilised. This is why it is 
imperative that remote age estimation research is of the utmost importance.
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Chapter 2: Literature Review 
Age estimation using the auricular surface of the ilium has been developed over a 
number of years since the late 20th century when Lovejoy et al. (1985) developed the 
first method for this particular joint surface. This original method was then revised by 
Buckberry & Chamberlain (2002); Osborne, Simmons & Nawrocki (2004) and finally 
Igarashi et al. (2005). Eventually, Hutchinson & Russell (2001) tested the capabilities 
of the Lovejoy et al. (1985) auricular surface method on photographic evidence. The 
rest of this literature review will be split into sections for each of the aforementioned 
major auricular surface methods followed by remote age estimation.  
 
2.1 Lovejoy et al. (1985) 
The Lovejoy et al. (1985) phased-based method was the first age at death estimation 
method to be developed utilising the auricular surface of the ilium as an age indicator. 
The surface method has been found to be more complicated to apply than the popular 
methods utilising the pubic symphysis as an age indicator (Saunders et al. 1992). The 
Lovejoy et al. (1985) auricular surface method has two important advantages over the 
pubic symphysis: 1) the ability to display age related changes after the sixth decade of 
life, and 2) a higher post-mortem preservation rate (Franklin 2010; Hailey 2015; 
Herrera & Retamal 2017). It is generally agreed that the Lovejoy et al. (1985) method 
is more accurate and better able to distinguish between older individuals than the pubic 
symphysis methods (Bedford et al. 1993; Hens, Rastelli & Belcastro 2008; Saunders 
et al. 1992; Schmitt 2004).  
 
The Lovejoy et al. (1985) method was developed and tested using a sample of 250 
specimens from the Libben Collection and approximately 500 from the Hamann-Todd 
Collection, along with fourteen real forensic cases from the Cuyahoga County 
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Coroner’s Office. The method requires the examiner to holistically examine five 
primary surface features to determine the most appropriate age phase for the specimen 
out of eight possible phases. The first six model phases created by Lovejoy and his 
colleagues have very narrow age ranges of five years beginning at the age of 20, and 
the final two phases have larger age range limits of 50 - 59 and 60+ years of age. These 
eight phases are differentiated by the presence and degree of degeneration of the seven 
features specified by Lovejoy et al. (1985) (Table 2.1 & Figure 2.1). This method 
encourages the examiner to further refine the age estimate by examining two auxiliary 
features to produce a single year estimate from within the limits of the selected age 
phase. The descriptions of the features as published by Lovejoy et al. (1985) can be 
considered vague and misleading which may cause reliability and application issues 
when using this method (Osborne, Simmons & Nawrocki 2004).  
 
To obtain an age estimate the five primary features must be examined holistically to 
place the individual into one of the eight phases that best suits the degree of 
degeneration (Table 2.1 & Table 2.2). The phase that is deemed the most appropriate 
will correspond to an age range. For example, if an individual has a coarse surface 
granularity, faint striae and microporosity it may be placed in phase 4 which provides 
an age range of 35 - 39 years. The age estimate is then further reduced by examining 
the extent of change on the auxiliary features. For example, if the aforementioned 
phase 4 individual displays small areas of microporosity in the retroauricular area but 
no changes to the apex, this would potentially allow the examiner to refine the age 
estimate to an age in the lower end of the phase. Therefore, using the Lovejoy et al. 
(1985) method it is possible to obtain an age range, as well as a single year age 
estimate.  
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 Table 2.1 Phases of the Lovejoy et al. (1985) method. 
Age 
phase 
Age range 
(years) 
Paraphrasing of Lovejoy et al. (1985) phase 
descriptions 
1 20 - 24 
Fine granular surface, marked transverse organisation 
of billows and no retroauricular activity/apical 
activity/porosity 
2 25 - 29 Slightly coarse grain and minor replacement of billows by striae 
3 30 - 34 
Distinct coarsening of grain, major replacement of 
billows with striae, minor loss of transverse 
organisation, potentially small areas of microporosity 
and no significant apical changes 
4 35 - 39 
Uniform coarse granulation, marked reduction of 
billowing & striations, minimal apical changes and 
slight retroauricular activity, minor microporosity and 
poorly defined transverse organisation 
5 40 - 44 
Partial densification, no billows, marked loss of 
transverse organisation, may be an increase in 
microporosity, occasional macroporosity, slight 
changes to the apex and slight to moderate 
retroauricular activity 
6 45 - 49 
Significant loss of granulation (mostly dense bone), no 
billows/striae/transverse organisation, loss of majority 
of microporosity, little to no macroporosity, slight to 
moderate apical changes and moderate retroauricular 
activity 
7 50 - 59 
Usually complete densification (may be minor 
granulation remaining), marked surface irregularity, no 
organisation at all, may be macroporosity, marked 
apical changes, lipping at the inferior terminus of the 
surface and moderate to marked retroauricular activity 
8 60+ 
Completely dense surface with subchondral 
destruction, absence of youthful criteria, macroporosity 
may be present, usually marked apical activity and 
marked retroauricular activity with osteophytes 
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Figure 2.1 Visual depiction of the eight auricular surface phases from Lovejoy et al. 
(1985) method, with surfaces A-J showing changes to the bone surface in phases 1 - 
6 while K-T are showing changes in phases 7 & 8. 
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Feature Paraphrasing of morphological changes according to Lovejoy et al. (1985) 
Grain & 
density 
Granulation coarsens with age (fine grain indicating youth), 
granularity coarsens until it is lost completely, and complete 
densification usually occurs in phase 6  
Billowing Definite clear ridges that transversely run across the surface and tend to reduce around phase 2 or 3 
Striations Billows tend to become striae with age (usually phase 3) and those striae tend to disappear altogether in phase 5 
Transverse 
organisation 
Characteristic of youth with organisation becoming less structured 
and distinct as age progresses finally disappearing around phase 5 
Porosity 
Microporosity becomes a model age characteristic in phase 3 and 
can disappear with age; while macroporosity tends to be present 
from phase 5 onwards, although some older individuals do not 
display any porosity 
Apex Younger specimens demonstrate a sharp distinct apex which starts to broaden and become lipped from phase 4 onwards 
Retroauricular 
area 
Younger specimens display a smooth and unaltered surface with 
activity (porosity, osteophytes and irregularities) in this area 
becoming more pronounced with age  
Table 2.2 Features of the auricular surface of the ilium utilised in the Lovejoy et al. 
(1985) method. 
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Lovejoy and colleagues suggested that there was no sex specificity regarding this 
method unless the individual was a female that displayed preauricular sulcus formation 
(Figure 1.3), in which case any changes to the apex or area around the inferior margin 
of the surface should be omitted. No mention of population affinity specificity was 
made; hence the assumption is that the method is applicable to all populations. The 
Lovejoy et al. (1985) method was tested to determine population affinity and sex 
specificity by Murray & Murray (1991) on a sample of 200 specimens from the Terry 
Collection. Murray & Murray (1991) concluded that the Lovejoy et al. (1985) method 
was not specific to any population affinity or either sex for all age categories. This 
conclusion regarding a lack of sex specificity supported the earlier research by Meindl 
et al. (1985) and has been well supported since (Buckberry & Chamberlain 2002; 
Meindl & Lovejoy 1989; Murray & Murray 1991). The same cannot be said for 
population affinity, with the specificity of the method having been disputed multiple 
times with suggestions made that population specific models may provide more 
accurate age estimates (Igarashi et al. 2005; Hens, Rastelli & Belcastro 2008; Gocha 
et al. 2015).   
 
There are some concerns with the Lovejoy et al. (1985) method. One limitation is the 
exponential association between method inaccuracy and the increasing age of the 
individual. This higher level of inaccuracy in the older individuals is indicated by the 
widening of the final two age ranges (Hailey 2015; Hens, Rastelli & Belcastro 2008; 
Saunders et al. 1992). Furthermore, it has been consistently shown that the Lovejoy et 
al. (1985) method tends to overestimate young individuals while underestimating older 
individuals (Altes 2016; Bedford et al. 1993; Hailey 2015; Hens, Rastelli & Belcastro 
2008; Murray & Murray 1991). This over and underestimation may be due to 
difficulties with the interpretation of the published descriptions which would cause 
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confusion in the application of the method. This would be compounded by the 
restrictiveness of the narrow age ranges for each phase, as it would make it more 
difficult to correctly include the true age of the individual (Merritt 2013; Saunders et 
al. 1992; Schmitt 2004). A frequent concern with the Lovejoy et al. (1985) method is 
the overlapping of surface features (Table 2.3). Many features do not adhere to a single 
phase but are a model characteristic of multiple consecutive phases (Lovejoy et al. 
1985; Murray & Murray 1991). The uncertainty of the definitive presence of certain 
features in particular phases causes further complexity with the method (Table 2.3). 
 
The most obvious impact of the Lovejoy et al. (1985) method would have been in 
paleodemographic research, as it presented archaeologists and anthropologists with a 
new age estimation method that was based on a more durable and preservable surface 
than previously (Osborne, Simmons & Nawrocki 2004). The auricular surface being 
more readily preserved than the pubic symphysis meant that ancient skeletal remains 
that had degraded or lost the pubic symphysis bone were now able to be examined for 
age if the auricular surface of the ilium was present. The Lovejoy et al. (1985) method 
has been commonly applied to forensic cases involving unidentified skeletal remains 
to estimate the age of the deceased. These limitations with the Lovejoy et al. (1985) 
method have made it a difficult age estimation method to apply and have also slightly 
hindered the method’s forensic value (Buckberry & Chamberlain 2002; Murray & 
Murray 1991; Saunders et al. 1992). 
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Lovejoy et al. (1985) features 
Lovejoy et al. (1985) phase category 
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 
Grain & 
density 
 
Fine grain 
        
Coarse grain 
        
Dense bone 
        
Porosity 
Microporosity 
        
Macroporosity 
        
Billowing 
        
Striations 
        
Transverse organisation 
        
Apical changes 
        
Retroauricular changes 
        
Table 2.3 Features present in each auricular surface phase based on phase descriptions by Lovejoy et al. (1985).  
 = present    = may be or may not be present   = not present 
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2.2 Buckberry & Chamberlain (2002) 
A revision of the original auricular surface method was performed by Buckberry & 
Chamberlain (2002) using 180 individuals from the Spitalfields Collection to produce 
the first composite-based method (Merritt 2013). The development of a composite-
based method allows the independent evaluation of individual features by assigning 
each feature a separate numerical score which can be combined to reach an age 
estimate. The publication of the Buckberry & Chamberlain (2002) composite method 
reduced the application difficulties experienced in the Lovejoy et al. (1985) method 
(Hailey 2015; Moraitis et al. 2014).  
 
The independent scoring process of the Buckberry & Chamberlain (2002) method is 
easier to apply than the Lovejoy et al. (1985) method, and so is highly favoured by 
more inexperienced examiners (Buckberry & Chamberlain 2002; Hailey 2015; Hens 
& Belcastro 2012; Merritt 2013; Moraitis et al. 2014; Mulhern & Jones 2005). The 
independent assessment of each feature attempts to account for the varying rates of 
degenerative morphological change between the multiple features of the auricular 
surface. The individual approach to the examination of the auricular surface features 
is more accurate than the Lovejoy et al. (1985) holistic approach (Buckberry & 
Chamberlain 2002; Hens & Belcastro 2012; Igarashi et al. 2005).  
 
Buckberry & Chamberlain (2002) adapted four of the surface features specified by 
Lovejoy et al. (1985) in their original method (grain & density, transverse organisation, 
porosity & apex) to develop the five features of the revised method, while rejecting 
the other three features (Table 2.4). It was during the early analysis of the Lovejoy et 
al. (1985) method that Buckberry & Chamberlain (2002) found the level of activity 
between billowing and striation, and at the retroauricular area was not a reliable 
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indicator of age, hence the features were eliminated from the final revised method. 
Meanwhile, the feature of surface porosity was split into two subgroups; 
macroporosity and microporosity.  
 
 
Buckberry & Chamberlain (2002) produced and published a set of predetermined 
criteria for the scoring of each of the five chosen features based on the degree to which 
each feature was present on the surface (Table 2.5). To age a surface an examiner 
produces a score for each of the five features by independently examining the extent 
of morphological change experienced by each feature. These individual scores are then 
combined to form the final composite score for the specimen (Table 2.6). Each 
composite score corresponds to one of the seven Buckberry & Chamberlain (2002) age 
Feature 
according to 
Lovejoy et al. 
(1985)  
Feature 
according to 
Buckberry & 
Chamberlain 
(2002)  
Paraphrasing of feature description 
by Buckberry & Chamberlain 
(2002) 
Grain & Density Surface texture Proportion of the surface covered in fine, coarse or densely grained bone 
Transverse 
organisation 
Transverse 
organisation 
Proportion of the surface covered by 
transverse ridging  
Porosity Macroporosity 
Percentage of surface with 
macroporosity (holes between 1 - 10 
mm) present 
Porosity Microporosity 
Percentage of surface with 
microporosity (holes smaller than 1 
mm) present 
Apex Apical change Degree to which apical activity changes the contour of the apex 
Table 2.4 Buckberry & Chamberlain (2002) method features and descriptions. 
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phases. An estimated age range is then provided based on the phase the surface was 
placed into. These estimated age ranges are specific for each phase. Therefore, once a 
composite score is determined an examiner can provide an age range estimate for the 
individual. The seven phases of the Buckberry & Chamberlain (2002) method are 
significantly wider than those of the original, in some phases the revised method has 
age ranges that span decades. These wider age range limits not only assist in 
overcoming the varying rates of degenerative change between individuals, but also 
decrease the likelihood of an incorrect age estimate caused by the exclusion of the 
individual’s true age (Hens & Belcastro 2012). This quality increases the value of the 
method in forensic cases, making it more useful than the Lovejoy et al. (1985) method. 
 
Buckberry & Chamberlain (2002) were the first to take a quantitative approach to the 
independent scoring of the auricular surface aging features. The provision of 
predetermined criteria that allocate a score to each feature based on morphological 
variation eliminates the need to place contradictory features into a single age phase. 
Thus, enabling a more objective unbiased approach to forensic age determination than 
the Lovejoy et al. (1985) method (Buckberry & Chamberlain 2002; Mulhern & Jones 
2005). It is due to this objective nature and ease in applicability that the revised method 
is considered less complicated in real scenarios than the Lovejoy et al. (1985) method, 
especially for inexperienced examiners (Falys, Schutkowski & Weston 2006; Hailey 
2015; Hens & Belcastro 2012; Mulhern & Jones 2005). The revised method also 
provides a more realistic interpretation of the extent of degenerative morphological 
change upon the auricular surface (Rougé-Maillart et al. 2007). 
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Surface 
feature 
Individual 
score Paraphrasing of criteria for scoring 
 1 90% or more of the surface is transversely organised 
 2 50 - 89% of the surface is transversely organised 
Transverse 
organisation 3 25 - 49% of the surface is transversely organised 
 4 Transverse organisation is present on less than 25% of surface 
 5 No transverse organisation is present 
 1 90% or more of the surface is finely granular 
 2 50 - 89% of the surface is finely granular, remaining is coarse 
Surface 
texture 3 
50% or more is coarsely granular, remaining is 
finely granular 
 4 Less than 50% is dense bone with majority being coarsely granular 
 5 50% or more is dense bone, remaining is coarsely granular 
 1 No macroporosity is present 
Macroporosity 2 Macroporosity is present on one demiface 
 3 Macroporosity is present on both demifaces 
 1 No microporosity is present 
Microporosity 2 Microporosity is present on one demiface 
 3 Microporosity is present on both demifaces 
 1 Apex is sharp and distinct; auricular surface may be slightly raised 
Apical 
changes 2 
Some lipping is present at apex; shape outline of 
apex remains a continuous arc 
 3 Irregularity occurs in contour of apex; apex is no longer a smooth arc 
Table 2.5 Scoring for each of the features of the Buckberry & Chamberlain (2002) 
method. 
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Buckberry & Chamberlain (2002) stated that the method had no population affinity or 
sex specificity, similar to the Lovejoy et al. (1985) method, and this was supported by 
further studies (Moraitis et al. 2014; Mulhurn & Jones 2005). Contradictory to this 
Hens & Belcastro (2012) found the Buckberry & Chamberlain (2002) method to be 
specific for both sex and population affinity, while Falys, Schutkowski & Weston 
(2006) found it to be specific only for population affinity.  
 
The Buckberry & Chamberlain (2002) method has been shown to more accurately age 
individuals older than 50 years of age than the original method, although it continues 
to follow the established trend of overestimating youth and underestimating the elderly 
(Gocha et al. 2015; Hailey 2015; Hens & Belcastro 2012; Merritt 2013; Mulhern & 
Jones 2005; Nagaoka & Hirata 2008; Rougé-Maillart et al. 2009). Despite this 
continuation of the trend, the Buckberry & Chamberlain (2002) method is more 
effective at discriminating between older individuals than the Lovejoy et al. (1985) 
method and the commonly used Suchey-Brooks (1990) pubic symphysis method 
(Millán, Rissech & Turbón 2013; Brooks & Suchey 1990). 
Composite score Age phase Mean age (years) Age range (years) 
5 - 6 1 17.33 16 - 19 
7 - 8 2 29.33 21 - 38 
9 - 10 3 37.86 16 - 65 
11 - 12 4 51.41 29 - 81 
13 - 14 5 59.94 29 - 88 
15 - 16 6 66.71 39 - 91 
17 - 19 7 72.25 53 - 92 
Table 2.6 Phases and composite scores for the Buckberry & Chamberlain (2002) method. 
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2.3 Osborne, Simmons & Nawrocki (2004) 
Osborne, Simmons & Nawrocki (2004) is a phase-based method that was developed 
from the Lovejoy et al. (1985) method. Limitations with the original method; such as 
confusing feature descriptions, an inability to adequately describe the full extent of 
variation and overlapping phases; prompted Osborne, Simmons & Nawrocki (2004) 
to test and subsequently redefine the original method to development the modified 
version (Buckberry & Chamberlain 2002; Osborne, Simmons & Nawrocki 2004). 
Osborne and colleagues were aware of the development of the promising composite 
based Buckberry & Chamberlain (2002) method, but for an unmentioned reason 
choose to modify the much more complicated Lovejoy et al. (1985) method. The aim 
was to create phases based on more distinct morphological features that would increase 
the inclusiveness of each phase, while reducing the total number of available phases 
an examiner can select from (Osborne, Simmons & Nawrocki 2004).  
 
The Osborne, Simmons & Nawrocki (2004) method was developed using seventy-two 
skeletal specimens from the Bass Donated Collection and 194 specimens from the 
Terry Collection. The Osborne, Simmons & Nawrocki (2004) method is performed in 
much the same way as the Lovejoy et al. (1985) method, with the features of the 
auricular surface examined holistically to place the individual into the most 
appropriate age phase (Table 2.7). The two secondary features of the Lovejoy et al. 
(1985) method are considered to be primary features in the Osborne, Simmons & 
Nawrocki (2004) method. The Osborne, Simmons & Nawrocki (2004) method does 
not use the auxiliary features to refine the age estimate but utilises them to make a 
better phase selection to produce an age range estimate. The only Lovejoy et al. (1985) 
feature that was not included in the revised method is microporosity as it was found to 
be too alike to surface weathering to easily differentiate. The revised method consists 
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of six phases with large age range limits, while the original has eight phases with small 
five-year age range limits. The first three phases do not have a minimum age which 
presents a complication if an individual is placed into one of those phases. 
 
Osborne and colleagues originally attempted to develop a method which involved 
combining adjacent phases. The phase an individual was placed into following the 
Lovejoy et al. (1985) criteria was expanded to include the two adjacent phases to the 
one selected, providing a fifteen-year estimate instead of a five-year estimate. Hence, 
a phase 4 individual using the original method would provide an age estimate of 35 - 
39 years, while the expansion of the phase would provide an age estimate of 30 - 44 
years. This method showed an improvement over the original, but the results showed 
that the method was still highly incapable of describing the amount of variation present 
as it provided numerous inaccurate age estimates. Hence, this method was rejected and 
the current Osborne, Simmons & Nawrocki (2004) method mentioned before was 
developed (Table 2.7).   
 
Osborne, Simmons & Nawrocki (2004) do not suggest the establishment of population 
or sex specific standards, as age is the only significant factor affecting the 
morphological changes occurring based on the ANOVA analysis performed. Osborne, 
Simmons & Nawrocki (2004) acknowledge that lifestyle choices and history do have 
an impact upon the variation present on the surface and in turn the ability to correctly 
estimate age. Caution is recommended when utilising the auricular surface of the ilium 
to estimate the age of individuals from a non-US population, as the method was 
developed and tested on US collections only. The method has forensic value due to its 
lack of population or sex specificity and the high durability of the bone surface to the 
taphonomic process of degeneration (Osborne, Simmons & Nawrocki 2004). 
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Although, there are some queries over the forensic applicability of this method due to 
the overlap between congruent phases and the suggested over simplification of the 
aging process (Herrera & Retamal 2017; Miranker 2016).  The results of this method 
are standard for skeletal age estimation, but further research is required as currently 
few studies have tested this relatively new method of auricular surface age estimation 
(Osborne, Simmons & Nawrocki 2004).  
 
 
2.4 Igarashi et al. (2005) 
Igarashi et al. (2005) developed a multiple regression analysis method for the age 
estimation of the auricular surface of the ilium in response to the shortcomings of the 
published methods. This method focused mainly on solving the complexity and 
application difficultly of the previous methods. Igarashi et al. (2005) developed a 
Phase Age range 
Paraphrasing of descriptions of each phase in the 
Osborne, Simmons & Nawrocki (2004) 
1 ≤27 Billowing, possible striae and fine granularity (potentially some coarse bone) 
2 ≤46 Striae, mostly coarse bone and minor retroauricular activity 
3 ≤69 Decreased striae, coarse granularity, retroauricular activity and minor apical changes 
4 20 - 75 
Minor transverse organisation, coarse grain with minor 
densification, retroauricular activity, apical activity and 
macroporosity 
5 24 - 82 
Minor irregularity, mostly dense surface, moderate 
retroauricular activity, moderate apical activity and 
macroporosity 
6 29 - 89 
Irregular surface, densification, subchondral destruction, 
severe retroauricular activity, severe apical activity and 
macroporosity 
Table 2.7 Phases and descriptions for the Osborne, Simmons & Nawrocki (2004) 
method. 
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binary method of age estimation based on the morphological changes of the auricular 
surface, requiring an examiner to form an age estimation based on the presence or 
absence of a set of features. This binary method allows an examiner to provide a more 
objective age estimate, which should enable the examiner to more easily replicate the 
estimation (Rouge-Maillart et al. 2009). 
 
The pelvic remains of 700 modern Japanese skeletons which were housed at numerous 
universities throughout the country were used to develop the Igarashi et al. (2005) 
method. Igarashi et al. (2005) identified 13 features, classified as surface and 
hypertrophied bony features. A combination of these 13 features are required to be 
examined to perform the method. Whilst developing this method Igarashi et al. (2005) 
found that there was a significant difference between the age-related morphological 
change on the auricular surface between males and females, although according to San 
Millán, Rissech & Turbón (2013) this seems to be debatable. The Igarashi et al. (2005) 
method is sex specific, and a different equation is required depending upon whether 
the individual is male or female. Also, Igarashi and colleagues found that different 
surface features were more or less appropriate as indicators depending upon the sex of 
the individual. Once the combination of the 13 features has been examined for 
presence or absence, the estimation parameters are chosen, and a multiple regression 
analysis is performed with calculated imitation variables. Igarashi and colleagues 
made no mention of whether the method is population specific but suggested that 
further research was required using diverse populations to determine the specificity of 
the method.  
 
This method requires the examiner to make a simple determination of whether a 
feature is present or not, rather than measure the level of degenerative morphological 
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change present on the auricular surface as all other methods require (Priya 2017). Not 
only does this make the method significantly easier to apply but may assist in 
preventing intraobserver and interobserver error (Igarashi et al. 2005). This would 
increase the repeatability of the method and therefore its relevance in a forensic 
context. Unfortunately, the repeatability and capabilities of this regression method 
have not been extensively tested yet. Despite this method claiming to be easier and 
have a higher repeatability, it requires the sex of the individual be known and may 
potentially be a population specific model focusing on the Japanese population.  
 
The four major published age estimation methods for the auricular surface of the ilium 
each have their own advantages and disadvantages, one being the size of the age range 
estimate produced (Table 2.8). All the methods provide an age range as a final 
estimate, apart from Lovejoy et al. (1985) where the auxiliary features are used and 
Igarashi et al. (2005). Another limitation is the population and sex specificity of the 
methods, with Igarashi et al. (2005) being the only one to have been considered sex 
specific by the developers of the method. Lack of ease in application is a major 
disadvantage of the Lovejoy et al. (1985) method, and the following methods have all 
improved upon this aspect of age estimation.  
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2.5 Skeletal Collections  
Skeletal collections are a group of remains that have been skeletonised and are often 
used for research purposes. Skeletal collections are the main resource for forensic 
anthropological research and as such are fundamental to the development of 
contemporary validated methods. In the past, unethical methods of acquisition have 
been employed to obtain cadaver material to increase the volume of skeletal 
collections. Fortunately, respectful ethical policies and procedures are now in place 
that allow skeletal collections to increase through body donation programs for research 
purposes. Skeletal collections do contain an amount of bias within themselves 
generally regarding population affinity which should be taken into account (Henderson 
Phase Lovejoy et al. (1985) 
Buckberry & 
Chamberlain (2002) 
Osborne, Simmons & 
Nawrocki (2004) 
1 20 - 24 16 - 19 ≤27 
2 25 - 29 21 - 38 ≤46 
3 30 - 34 16 - 65 ≤69 
4 35 - 39 29 - 81 20 - 75 
5 40 - 44 29 - 88 24 - 82 
6 45 - 49 39 - 91 29 - 89 
7 50 - 59 53 - 92 NA 
8 60+ NA NA 
Table 2.8 Age ranges for each of the phases of Lovejoy et al. (1985), Buckberry & 
Chamberlain (2002) and Osborne, Simmons  Nawrocki (2004). 
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& Cardoso 2018). This bias could be a result of the collection of remains from one 
location as opposed to multiple distinct locations, which is the case in most skeletal 
collections.  
 
Five skeletal collections are mentioned in this research and this section will discuss 
each of the following: 1) Libben Collection, 2) Hamann-Todd Collection, 3) 
Spitalfields Collection, 4) William Bass Collection, and 5) Raymond A. Dart 
Collection. 
 
2.5.1 Libben Collection  
The Libben Site Collection is the last Native American collection with remains dating 
as far back as the second half of the first millennium (Meindl, Mensforth & Lovejoy 
2008). This collection was founded when part of the Great Black Swap in Ohio was 
excavated by Lovejoy et al. in 1966 (cited in Holt 2008). The collection consists of 
1,327 skeletal remains of Native American individuals of both sexes (Holt 2008).  
 
2.5.2 Hamann-Todd Collection  
The Hamann-Todd Collection was started in the early 20th century and is housed at the 
Cleveland Museum of Natural History (Lovejoy et al. 1985; Potter 2010). The over 
3,000 individuals in this collection come from a wide range of populations and ages 
(Potter 2010). Most of the individuals have known sex, population affinity, age at 
death, manner of death and in some cases occupation (Meindl, Russell & Lovejoy 
1990; Potter 2010). The majority of the collection comprises of ‘American Whites’ 
and ‘American Blacks’ from around the Cleveland area (Potter 2010).  
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2.5.3 Spitalfields Collection  
The Spitalfields collection is comprised of 968 individuals that were exhumed from 
graves at the Christ Church crypt in Spitalfields, London (Lewis 2002, Mays 2012). 
The remains were those of people from London of a middle-class origin who lived and 
died between the 18th to 19th century (Mays 2012). The coffin plates provided the 
name, age at death and date of death for each individual (Lewis 2002). This collection 
contains both males and females of one specific geographical population.  
 
2.5.4 William M. Bass Donated Skeletal Collection  
In the late 1900s William Bass at the University of Tennessee began collecting 
unclaimed bodies from the local Medical Examiner’s Office to create what would 
become the largest contemporary collection of US skeletal remains (Marks 1995). The 
gathering of donated remains for the Bass Collection is still ongoing with over 1,800 
individuals of a variety of ages and both sexes held within the collection (WM Bass 
Donated Skeletal Collection n.d.). The vast majority (~ 90%) of the collection is 
comprised of ‘American Whites’, but ‘American Blacks’, ‘American Indians’, ‘Asian’ 
and ‘Hispanic’ individuals are also represented (WM Bass Donated Skeletal Collection 
n.d.). 
 
2.5.5 Robert J. Terry Collection 
The Terry collection began in 1890 and as of 2005 contains 1,728 individuals housed 
at the National Museum of Natural History at the Smithsonian Institute (Hunt & 
Albanese 2005, Mulhern & Jones 2004). The vast majority of this collection is 
comprised of ‘American Blacks’ and ‘American Whites’ with documented date of 
death, age, sex, population affinity and manner of death (Hunt & Albanese 2005). 
Some individuals also have dental charts available and a catalogued bone inventory. 
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This particular skeletal collection is an extremely popular choice for the development 
and testing of different anthropological methods and as such is an important collection 
despite the lack of population diversity (Hunt & Albanese 2005).  
 
2.5.6 Raymond A. Dart Collection  
The Raymond A. Dart Collection of Human Skeletons is one of the largest documented 
cadaver derived skeletal collections in the world. The South African collection 
contains over 2,605 individuals with documented population affinity, sex and age 
(Irish 2015). Skeletal remains of South African individuals form roughly 90% of the 
collection, and the largest percentage of this majority is formed from the South African 
tribes known as Zulu, Sotho and Xhosa (Dayal et al. 2009). There is also a significant 
number of European skeletal remains present (~18%) that represent the European 
population in South Africa, although as to be expected this number is substantially 
smaller than the South African percentage. Most of the Dart Collection is represented 
by male skeletal remains, with only 29% of the collection being comprised of female 
skeletons (Dayal et al. 2009). The age distribution of the collected skeletal remains 
ranges from children younger than 10 to individuals who died after the age of 90, 
although the bulk of the collection falls between the ages of 20 to 70 years of age 
(Dayal et al. 2009, Irish 2015).   
 
2.5.7 Australian skeletal collections 
In Australia there is extremely limited access to skeletal collections. In the past there 
was access to Aboriginal remains, but since the late 1900s the rights over the remains 
were returned to the Aboriginal people and access for researchers was rejected (Donlon 
1994, Webb 1987). Due to the lack of skeletal resources, Australian developments in 
anthropology have been based mostly on European and American based research. This 
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does not enable Australian specific research to occur as the skeletal collections are not 
an accurate representation of the diversity found in the modern Australian population. 
As such it is vital that Australian collections are established for the development of 
Australian specific research and methods. One potential way to achieve this critical 
goal is the utilisation of digital imaging technology, encompassing photography and 
more advancing imaging such as MRI scanning, to create a digital skeletal database 
with an Australian affinity.  
 
2.6 Remote imaging and Hutchinson & Russell (2001) 
The capabilities of photographic auricular surface of the ilium evidence as a basis for 
age estimation hasn’t been thoroughly investigated. Lovejoy et al. (1985) took digital 
images of auricular surfaces that best represented each age phase for use as models but 
didn’t consider the ability of the images to clearly display the characteristics of 
degenerative aging that are essential for accurate age estimation. Bedford et al. (1993) 
also photographed auricular surface specimens to use as teaching models, but again 
didn’t consider the full potential of the image. These model images were taken of 
surfaces that conformed to the characteristics of the phases when photographed, 
implying that not all photographed specimens will be the best representation of the 
phase in which they belong. All auricular surface of the ilium age estimation methods 
have some form of digital or image aspect for comparison against the 3D surface being 
examined, but the methods do not consider the application of the 2D image to another 
2D image.  
 
Recognising this lack of research into remote imaging estimations, Hutchinson & 
Russell (2001) utilised three different forms of remote imaging to estimate the age of 
29 auricular surfaces with the aim of determining the accuracy of the remote image 
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types. The estimation formed from examining projected slide images from a manual 
camera, digital images of the previous slides and digital images taken using an 
Olympus camera were compared. These remote image estimations were compared to 
the age estimates formed by the seriation and examination of the physical specimens. 
Hutchinson & Russell (2001) found that projected slide images worked best as the 
resolution of the image was not comprised as the magnification of the images was 
increased to display smaller details. Digital images provided less resolution and were 
therefore less accurate than slide images but had the advantage of basically 
instantaneous transfer decreasing the interval between requiring and receiving an age 
estimate. The second-generation digital copies of the slide images proved to be the 
worst remote image type as much of the resolution and detail was lost during the 
second imaging, although this was expected. Furthermore, Hutchinson & Russell 
(2001) recommended colour images over greyscale or black & white as tone and 
shadow are more apparent. Overall, caution was suggested when estimating age from 
remote images as characteristics may be less apparent in an image than when 
examining a physical specimen. The advantages of remote image estimation were 
acknowledged, and further research into remote imaging was encouraged as 
unfortunately only a very small sample of archaeological individuals were utilised in 
this research (Hutchinson & Russell 2001).  
 
Another remote image type that could be used to record the auricular surface is a 
flatbed scanner. Fox et al (2011) examined remote images taken using a flatbed 
scanner and photography, but not with the intention of determining accuracy for age 
estimation. The images taken using the flatbed scanner involved placing the physical 
auricular surface specimen face down on the glass of the scanner and capturing the 
image. The aim was to uncover the potential of flatbed scanning to create clear digital 
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recordings of auricular surfaces of the ilium specimens. The results showed that flatbed 
scanned images were slightly better than digital photographic images and suggested 
this technique could be useful in situations where photography was not possible for 
whatever reason (Fox et al. 2011).  
 
Similar research into comparing the accuracy of physical examination and remote 
digital image examination for age estimation was performed using the pubic 
symphysis (Sitchon 2003). A total of 52 pubic symphysis specimens were examined 
physically and using remote digital images to determine the accuracy of photographic 
evidence. The study found it was possible to estimate age from digital images, 
although with a degree of error as no less than 40% of the specimens were incorrectly 
estimated. Sitchon (2003) found it difficult to distinguish between three-dimensional 
and two-dimensional changes, and easier to misinterpret morphological changes when 
examining remote images. Therefore, caution was recommended when utilising 
remote images for age estimation purposes.  
 
So, while the auricular surface of the ilium age estimation methods have a visual 
component for comparative purposes, the capabilities of photographic evidence as a 
basis for an age estimation determination was not considered. Fox et al. (2011) 
assessed the quality of two types of digital imaging, but only Hutchinson & Russell 
(2001) actually tested the capabilities of photographic evidence for age estimation 
purposes.  
 
2.7 Research aims 
This blind study was carried out to address the literature gap concerning remote age 
estimation, specifically using adult auricular surfaces of the ilium. The three age 
estimation methods selected for validation were: 1) Lovejoy et al. (1985), 2) Buckberry 
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& Chamberlain (2002), and 3) Osborne, Simmons & Nawrocki (2004). These three 
methods were selected due to a lack of population or sex specificity. Igarashi et al. 
(2005) was not included because of the sex specificity and potential population 
specificity of the method. The main advantage of this type of research would be the 
development of age standards to be used for comparative work. 
 
There is a lack of research into the capabilities of photographic evidence as an age 
estimation tool, with only one study having been performed using very few individuals 
from one population (Hutchinson & Russell 2001). Digital imaging techniques could 
be of extreme importance in DVI situations after a mass disaster or terrorist act has 
occurred potentially killing thousands of people. In such a situation a fast cleanup of 
the scene would be required, and the bodies of individuals would need to be removed 
and identified as rapidly as possible. It is here that a validated method of estimating 
age from photographic or advanced digital imaging evidence would be of 
immeasurable consequence. Hence, the desperate need for the validation of methods.  
 
The ultimate aim of this research was to test three established physical examination 
methods on photographic evidence of adult auricular surfaces of the ilium through 
comparison to the Raymond Dart Collection documented ages and physical 
examination age estimations. 
 
 
 44 
Chapter 3: Materials and Methods 
3.1 Materials 
The photographic evidence used in this research was 1,360 digital images of 441 
individuals over the age of eighteen with identifying A-numbers from the Raymond 
Dart Collection in South Africa. Individuals over 18 years were selected as the vast 
majority of bone development is complete by this age (Lovejoy et al. 1985), there was 
no maximum age limit. It should be noted these images were not taken by the 
examiner. For each individual there were multiple images taken under different 
conditions, some of which were intentional and some of which were not (Figure 3.1). 
These images were taken using a digital camera without a scale or image processing 
and saved in a jpeg format. These individuals were randomly selected from the Dart 
Collection for another large age estimation study and were provided for assessment in 
this research. Of the 441 individuals, 429 right ilium and 428 left ilium were examined 
due to a number of individuals missing either the right or left ilium.  
Figure 3.1 Example of the 1,360 images provided of individuals from the Dart 
Collection. 
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Just over half of the individuals in the sample were female, whilst roughly the same 
number of individuals had a South African African population affinity (Table 3.1). The 
age at death of the individuals in the sample had a large variation, ranging from 18 to 
98 years of age.  
 
 
 
Physical age estimations made using direct observation of the specimens were 
obtained for 415 of the total 441 individuals. Due to pathology and damage of the ilium 
many individuals were removed from the analysis, leaving 415 right ilium and 411 left 
ilium for the photographic to physical comparison. It should be noted that the physical 
examination data was not produced by the same examiner as the photographic 
estimation data.  
 
The study was conducted in the manner of a blind study meaning there was no 
knowledge of the demographic information for each individual when the examination 
and estimations were performed. When viewing the images on a Macbook Air Laptop 
a Spyder5Pro ® calibration tool was used to ensure the appropriate colour tone. 
Population affinity  
Male 
individuals 
Female 
individuals 
Total 
individuals  
South African 
African 
104 
 
(18 – 98) 
127 
 
(19 – 87) 
231 
South African White 
109 
 
(28 – 95) 
101 
 
(19 – 95) 
210 
Total  213 228 441 
Table 3.1 Demographic data for the 441 Dart Collection individuals, age ranges 
mentioned in brackets. 
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3.2 Methods  
It was necessary to have methods with no specificity due to the blind nature of the 
study. The three methods were applied in chronological order of publication on the 
photographic images and hence the following order: 1) Lovejoy et al. (1985), 2) 
Buckberry & Chamberlain (2002), and 3) Osborne, Simmons & Nawrocki (2004).  
 
1) Lovejoy et al. (1985) method 
The surface of the individual was examined holistically, looking at the level of 
degeneration present for the five primary surface features: grain & density, billowing, 
striations, transverse organisation and porosity (refer to Table 2.2). These features 
were utilised to select the most appropriate age phase out of the eight possibilities 
(refer to Table 2.1). The auxiliary features (changes to the apex and retroauricular area) 
were then used to make a single year age estimate from within the age range of the 
selected phase. To assist with the examination, the black and white images provided 
by Lovejoy et al. (1985) were used for comparison (refer to Figure 2.1) 
 
2) Buckberry & Chamberlain (2002) method 
The five features of the method were individually assessed based on the standard 
criteria provided by Buckberry & Chamberlain (2002) and given a score (refer to Table 
2.5). These separate scores were combined to form a composite score that equalled an 
age phase (refer to Table 2.6). This age phase was then converted into an age range 
estimate for the individual.  
 
3) Osborne, Simmons & Nawrocki (2004) method 
The same holistic examination process as the Lovejoy et al. (1985) method was 
followed for this method, the only difference being the auxiliary features were 
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considered primary features and were therefore used to select the appropriate age 
phase. The age phase descriptions were different for this method and the individual 
was placed into one of the six possible age phases based on the phase descriptions 
(refer to Table 2.7).  
 
Initially a pilot study was carried out. A random subsample of 120 images 
representing 30 individuals from the total 1,360 images representing 441 individuals 
was provided. These images displayed both the right and left ilium. No demographic 
information was provided with the images, except the A-Numbers, thus this was 
considered a blind study. The purpose of this pilot study was to learn how to apply 
the methods, practice the application of the methods as a novice examiner and test 
the repeatability of the methods by a novice examiner. The estimations were 
performed twice with a two week interval between the original and repeat 
examinations. 
 
The final examinations made of the 441 individuals for this study were performed as 
follows. The Lovejoy et al. (1985) method was applied to the right ilium of a series 
of 10 randomly selected individuals, followed by the remaining two methods in the 
same manner. Once the set of 10 individuals was complete another 10 were 
randomly selected until the entire 441 individuals were examined. Every tenth 
individual was set aside for repeat examination and estimation. Once the three 
methods had been applied to the right ilium, the same process was performed for the 
left ilium. All of the available images of the particular individual being examined 
were utilised to best observe the features and determine the most appropriate age 
phase. Once the age phase was selected it was converted into the appropriate age 
range estimate for the individual and recorded. The photographic age estimates were 
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compared to the Raymond Dart Collection documented age of the individual and the 
physical examination age estimate. 
3.2.1 Photography experiment  
The purpose of this photography experiment was to determine the impact of different 
lighting upon the quality of the photographic evidence in regard to age estimation 
ability. This was necessary as the 1,360 images provided were not taken by the 
examiner and the conditions of the environment were not controlled. Conditions such 
as lighting and image quality were not known or able to be controlled to produce the 
most appropriate image for age estimation purposes. This experiment was performed 
to identify if lighting angles would enhance or hinder the appearance of surface 
features in a digital image and determine if photography conditions play a role in the 
interpretations of these features.  
 
Two complete but disarticulated physical ilium specimens, one real and one plastic 
model (as only one real specimen was available), were borrowed from the Western 
Sydney University (WSU) teaching collection. The photographs were taken using a 
copy stand with a low end professional Canon 70D camera to ensure the specimen was 
parallel to the lens, and a 50mm Canon compact-macro lens set to a constant distance 
from the base of the stand (Figure 3.2). The Canon camera was selected as it allowed 
the adjustment of the camera settings to ensure the most forensically appropriate image 
was able to be taken, and is a rough equivalent to the type of equipment used by the 
police forensic teams.  
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An off-camera flexible Canon Speedite 270EX II flash was used to direct light at the 
specimen from a series of different angles (Figure 3.3). The light was directed 
straight onto the surface from directly above, superiorly and inferiorly, followed by 
the four corners of the copy stand in a clockwise direction starting at the lower right, 
and finally with ambient light. From this point onwards, the images taken with the 
flash directed from superiorly, inferiorly and the four corners of the copy stand will 
be referred to as the three superior and three inferior angles (Figure 3.3). 
 
 
 
 
 
Figure 3.2 Setup of camera and ilium WSU 
specimen. 
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3.2.2 Morphological analysis  
The purpose of this analysis was to test whether the features in each of the Lovejoy et 
al. (1985) phase descriptions were present in the photographic evidence samples, and 
hence the ability to determine features from a digital image. 10 individuals whose 
documented age fell within the first Lovejoy et al. (1985) phase (20 - 24 years) were 
randomly selected. The same was done for Lovejoy et al. (1985) phases 2 - 8, so eighty 
individuals were randomly selected from the 441 total number of individuals. 
Observations about which Lovejoy et al. (1985) features were present or absent were 
made for each of the individuals in each of the eight phases (refer to Table 2.3). Grain 
and density were split into the three levels of granularity described in Lovejoy et al. 
(1985): 1) fine grain, 2) coarse grain, and 3) dense bone (refer to Table 2.2). Porosity 
was split into macroporosity and microporosity despite it being considered as one 
feature in Lovejoy et al. (1985) because both sub features are mentioned separately in 
the phase descriptions. Hence 10 observations of present or absent were made for each 
of the eight surface features for each of the eight Lovejoy et al. (1985) phases.  
Figure 3.3 Directions/angles the light from the flash was directed at the 
specimen surface.  
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3.3 Data Analysis   
The demographic information for each individual regarding documented age, sex and 
population affinity was assigned to the correct specimen using the A-numbers. A 
combination of Microsoft Excel 2017 (for Mac version 15.32) and the statistics data 
editor software IBM SPSS (version 25 for windows) were used during the data 
analysis. 
 
The data was analysed in four ways: 1) pilot, 2) photography experiment, 3) 
morphological analysis, and 4) comparisons. The comparison section was further split 
into the following subsections: 1) intraobserver error, 2) left vs right ilium, 3) 
documented age vs estimated age, 4) age, 5) male vs female, 6) population affinity 
differences, 7) sex and population affinity differences and 8) physical examination vs 
digital examination. The following sections will discuss these analyses in more depth.  
 
3.3.1 Pilot study  
The original and repeat data for both ilium using the three methods was tested for 
repeatability and intraobserver error was calculated using the Lin Concordance 
Correlation formula (Lin & Williamson 2015) in Microsoft Excel (Appendix I). 
 
3.3.2 Photography experiment  
Only the real ilium WSU specimen images were used for the analysis in an attempt to 
mimic the original photographs produced from the Dart Collection specimens. The 
series of images taken using ambient lighting and directed light were digitally 
examined for Lovejoy et al. (1985) feature illumination and visibility. Comments upon 
the differences in the features between the eight different types of lighted images were 
recorded while the digital examination was occurring.  
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3.3.3 Morphological analysis  
The data obtained from the recording of Lovejoy et al. (1985) features on the selected 
eighty individuals was compared to the features supposed to be present in each phase 
according to the Lovejoy et al. (1985) phase descriptions (refer to Table 2.3).  
 
3.3.4 Comparisons  
The single year age estimates produced using the Lovejoy et al. (1985) method were 
not included in the data analysis due to the inexperience and uncertainty of the 
examiner, the estimated Lovejoy et al. (1985) age phases were used instead.  
 
3.3.4.1 Intraobserver error 
A repeat examination was performed on every tenth individual after a two-week 
interval for intraobserver error testing. The Lin Concordance Correlation was used for 
these 42 individuals to test the repeatability of the three methods. This repeatability 
testing was performed to reaffirm if the intraobserver error from the pilot study was 
due to the methods or the examiner.  
 
3.3.4.2 Left vs. right ilium  
The phase estimations produced from the examination of the right and left ilium were 
compared for all three methods. The two ilium from the same individual were 
compared to determine if one ilium was consistently estimated to be in a higher or 
lower phase. 
 
3.3.4.3 Documented age vs estimated age 
A comparison of the correctly estimated and under/over-estimated individuals was 
performed to test which method had the highest percentage of correctly estimated 
individuals. A Pearson Correlation was performed for each of the three methods to the 
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documented age of the individuals to determine the level of association between the 
estimated age and documented age. The amount of variance accounted for in sample 
population data in regard to the true South African population was also determined 
using r 2 values.  
 
Bias and inaccuracy values for the three methods were determined for both ilium. 
These calculations were done using the raw and absolute difference between the 
estimated age and the documented age. Bias and inaccuracy was determined to test 
whether one of the methods showed a tendency to significantly underestimate or 
overestimate individuals.  
 
3.3.4.4 Age demographic 
The correctly estimated and under/over-estimated individuals for each phase of the 
three methods were compared visually in relation to the individual’s documented ages 
using scatterplots. The 441 individuals were split into nine ten-year age range 
categories for bias calculations. These categories were based on the documented age 
of the individuals (Table 3.2). 
 
 
 
Number of 
individuals 
 
Dart Collection documented age range category 
<20 20 -29 
30 - 
39 
40 - 
49 
50 - 
59 
60 - 
69 
70 - 
79 
80 - 
89 ³90 
Right 
ilium 5 38 49 38 69 93 79 58 0 
Left ilium 5 36 49 37 66 91 76 60 8 
Total 10 74 98 75 135 184 155 118 8 
Table 3.2 Number of individuals in each age range category 
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A logistic regression was performed in SPSS with documented age as a fixed 
coefficient (Appendix II). This regression combined the right and left ilium estimations 
which was accounted for in the regression formula. The purpose of this regression was 
to determine the likelihood of increasing documented age being associated with an 
increased chance of an incorrect age estimation for each of the three aging methods. 
The regression formula used the results based on the 441 individuals in the sample 
population to estimate a range within which it could be said with 95% confidence is 
the equivalent of the likelihood in the larger South African population.  
 
3.3.4.5 Male vs female  
Male and female individuals were separated to determine potential trends between the 
three methods in regard to sex. The correctly estimated and under/over-estimated 
individuals were compared between the sexes and bias values calculated. The same 
regression performed with age as a fixed coefficient also calculated the likelihood of 
sex impacting the chance of a correct age estimation. The equivalent likelihood in the 
larger South African population was calculated by the regression formula, as it was for 
age. 
 
3.3.4.6 Population affinity differences 
There are two population affinities in the sample, South African African and South 
African White. The 441 individuals in the sample were divided into their population 
affinities for the evaluation of potential trends. Bias values were calculated for the two 
population affinities. The aforementioned logistic regression also used population 
affinity as a fixed coefficient and hence was able to calculate the likelihood of 
population affinity impacting the chances of providing a correct age estimation using 
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the three methods. The equivalent likelihood in the larger South African population 
was calculated by the regression formula, as it was for age and sex. 
 
3.3.4.7 Sex and population affinity differences 
The 441 individuals were split into four subgroups: South African African male, South 
African African female, South African White male and South African White female. 
These four subgroups were then compared to visualise any trends.  
 
3.3.4.8 Physical examination vs digital examination 
Only the Lovejoy et al. (1985) photographic estimations were used for the comparison 
to the physical examination estimations, this is because only the Lovejoy et al. (1985) 
method was used during the physical examination. Due to the differences in the 
methods it was not possible to extrapolate the Lovejoy et al. (1985) physical 
estimations into either of the other two aging methods.  
 
The photographic and physical correct estimations and under/over-estimations were 
compared, and a Pearson Correlation value was calculated to determine the level of 
association between the photographic and physical estimates. Trends were identified 
through this and the visual depictions of this analysis. 
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Chapter 4: Results 
4.1 Pilot study  
A correlation of 0.9 - 1.0 was the acceptable range of the Lin Concordance Correlation 
(Lin & Williamson 2015) analysis, if within the range the method was considered to 
be repeatable. The correlation for the Lovejoy et al. (1985) and Buckberry & 
Chamberlain (2002) methods were found to be within the acceptable range and thus 
were considered repeatable using either the right or left ilium on photographic 
evidence (Table 4.1). Meanwhile the Osborne, Simmons & Nawrocki (2004) method 
was only considered acceptably repeatable when using the left ilium.  
 
 
 
4.2 Photography experiment  
Ambient lighting provided illumination to all areas of the surface with no large dark 
shadows due to the diffusion of light. The soft light provided good visibility of the 
surface porosity but failed to give definition to any other surface features (Figure 4.1). 
The bone surface seemed washed out and appeared to be one tone which masked the 
appearance of the surface granularity. 
Methods 
Lin Concordance Correlation (Lin & Williamson 
2015)  
Right ilium Left ilium 
Lovejoy et al. (1985) 0.98 Acceptable  
1.00 
Acceptable  
Buckberry & 
Chamberlain (2002) 
0.96 
Acceptable 
0.98 
Acceptable 
Osborne, Simmons & 
Nawrocki (2004) 
0.79 
Not acceptable 
0.91 
Acceptable 
Table 4.1 Pilot Lin Concordance Correlation (Lin & Williamson 2015) for the three 
methods. 
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Direct lighting illuminated most of the surface casting minor shadows and glare on 
different areas of the bone. The direct lighting clearly highlighted the surface porosity 
while providing moderate clarity on the transverse organisation (Figure 4.1). It was 
still difficult to detect the level of granularity present on the auricular surface, but it 
was clearer than with ambient lighting. The direct light from above was the most 
effective at illuminating the auricular surface in all areas without creating any major 
feature obscuring shadows. 
 
The three superior angles cast significant shadows on the area below the auricular 
surface, as well as between the auricular surface and retroauricular area. Superior angle 
2 cast the least amount of shadow out of the three angles (Figure 4.2). Good 
illumination was provided on the retroauricular area and any transverse organisation 
was clearly visible. The transverse organisation, hence billows and striae, were best 
seen in the images taken from superior angles 1 and 3. The granularity of the surface 
was also best seen using the superior angles 1 and 3, more so than in the images taken 
with ambient or direct lighting.  
 
Figure 4.1 Clarity of the Lovejoy et al. (1985) porosity and transverse organisation 
(red circles) features using ambient and direct flash lighting. 
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Figure 4.2 Images with lighting direction indicator taken using the three superior and three inferior angles of light.  
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The three inferior angles all cast shadows on the retroauricular area and actual 
auricular surface itself, especially when lipping was present on the edge of the inferior 
demiface. These shadows made it difficult to see any features present in that area 
(Figure 4.2). Although, it did make the edge of the surface very distinct and clear 
helping with the detection in changes to the apex. Transverse organisation is clearly 
seen in the images when the area was illuminated, similar to the superior angle images. 
Inferior angles 1 and 3 displayed the surface porosity well, apart from in the areas that 
were cast in shadow.  
 
4.3 Morphological analysis  
The feature of surface granularity is a main age indicator and should have a clear trend 
of decreasing granularity with increasing age (Lovejoy et al. 1985). Initially the 
surface possesses a fine grain and is meant to be visible on auricular surfaces of 
individuals who belong in age phases 1 and 2, as well as potentially phase 3 according 
to the Lovejoy et al. (1985) phase descriptions. The examination of the eighty 
individuals showed one in 10 individuals in phases 1, 4, 7 and 8 had observable fine 
grain on at least some part of the auricular surface (Table 4.2).  
 
Coarse grain replaces the finer granularity with age and is supposed to be seen in 
phases 3 - 6 with some potentially present on phase 7 individuals. Coarse grain was 
visible on almost all of the individuals when viewing the photographic evidence. Only 
one phase 5 individual was found not to display any coarsely grained surface.  
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Lovejoy et al. (1985) features 
Lovejoy et al. (1985) phase category 
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Total out of 80 
Grain & 
density  
Fine grain 1 0 0 1 0 0 1 1 4 
Coarse grain 10 10 10 10 9 10 10 10 79 
Dense bone 6 4 9 7 8 6 8 7 55 
Porosity 
Microporosity 4 9 9 8 7 9 9 9 64 
Macroporosity 6 3 4 3 6 4 5 8 39 
Billowing 0 1 0 0 0 0 0 0 1 
Striations 5 3 5 2 3 5 6 2 31 
Transverse organisation 3 2 3 1 2 2 4 2 19 
Apical changes 10 10 10 10 10 10 10 10 80 
Retroauricular changes 10 10 10 10 10 10 10 10 80 
Table 4.2 Number of times each Lovejoy et al. (1985) feature was present in each of the Lovejoy et al. (1985) documented age phase categories. 
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Dense bone is the final stage of granularity and as such is hypothetically meant to be 
observable in phases 5 - 8. The examination found dense bone present in all phases, 
and almost every phase had over half of the 10 individuals examined displaying some 
proportion of non-granular bone on the auricular surface. In general, there were no 
trends evident in the eighty individuals regarding increasing age and the degeneration 
of bone granularity. 
 
Microporosity and macroporosity appear at different stages of an individual’s life 
(Lovejoy et al. 1985). Microporosity according to the Lovejoy et al. (1985) phase 
descriptions is expected to be present in phases 4 and 5 while potentially present in the 
two adjacent phases. In the sample examined microporosity was observed in all phases, 
with all apart from phase 1 showing the feature in over half of the examined 
individuals.  
 
Macroporosity is a feature of later life and meant to be present in phase 8, although it 
may be visible in phases 5 - 7 as well. Out of the eighty individuals examined, 39 had 
macroporosity present. These 39 individuals were spread throughout the phases. There 
was no observable trend for either type of porosity in the subsample. 
 
Phases 1 through to 3, and possibly phase 4, are expected to display billowing on the 
auricular surface. Only one individual examined displayed billowing, and the 
documented age of this individual placed them in phase 2 (Table 4.2). So, while the 
single individual displaying billowing did fall into one of the expected phases there 
was no trend due to the lack of other individuals displaying the feature.  
 
Striations on the other hand are only meant to present in phases 2 - 4 and depending 
on the individual possibly phase 5. All eight Lovejoy et al. (1985) phase categories 
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had at least two individuals who displayed striations. Once again there was no trend 
present for this surface feature.  
 
Transverse organisation involves the presence of billows and striae and as such is 
expected to be present in phases 1 - 5. Despite this expectation, a number of individuals 
in every Lovejoy et al. (1985) phase displayed transverse organisation to some degree. 
No trend was evident in the number of individuals displaying transverse organisation 
throughout the phases.  
 
Apical changes and retroauricular changes were expected to occur in phases 4 - 8 but 
were found to occur in all eighty individuals examined (Table 4.2). This shows a 
constant degeneration of these two auricular surface areas and not the increasing 
degeneration with age suggested by the Lovejoy et al. (1985) phase descriptions.  
 
Overall no clear trends were identified with any of the Lovejoy et al. (1985) surface 
features when eighty individuals were selected for examination. Furthermore, none of 
the actual observed features corresponded with the expectations and parameters of 
feature degeneration suggested by the Lovejoy et al. (1985) phase descriptions. In fact, 
most of these surface features were observed in phases that vary significantly from the 
phases Lovejoy et al. (1985) described them to be or not be present in. 
 
4.4 Comparisons 
This section will present the results obtained from the study in the same subsections 
as mentioned in the data analysis section (3.3) of chapter 3.  
 
4.4.1 Intraobserver error  
The same correlation range of 0.9 - 1 for the Lin Concordance Correlation that was 
used in the pilot study was used again. When 42 repeats were tested for repeatability 
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the Buckberry & Chamberlain (2002) method was considered to be repeatable using 
either ilium (Table 4.3). This repeatability of Buckberry & Chamberlain (2002) is 
consistent between the pilot and comparison estimations. Also remaining consistent 
between the pilot and comparison is the Osborne, Simmons & Nawrocki (2004) 
method. This method remained repeatable only when using the left ilium. The Lovejoy 
et al. (1985) method using 42 repeats is considering to be repeatable on the left ilium 
only. This is different from the pilot where the method was repeatable using either 
ilium (Table 4.1). 
 
Overall the correlation values for three methods using either ilium decreased between 
the pilot estimations and comparison estimations. The only exception being the 
Osborne, Simmons & Nawrocki (2004) method which had a constant acceptable left 
ilium correlation coefficient. 
 
 
4.4.2 Left vs. right ilium  
Three outcomes from the comparison of the two iliums from the same individual were 
possible: 1) the left ilium was phased lower than the right ilium, 2) the ilum were 
Methods 
Lin Concordance Correlation (Lin & Williamson 
2015)  
Right ilium Left ilium 
Lovejoy et al. (1985) 0.82 Not acceptable  
0.95 
Acceptable  
Buckberry & 
Chamberlain (2002) 
0.94 
Acceptable 
0.97 
Acceptable 
Osborne, Simmons & 
Nawrocki (2004) 
0.70 
Not acceptable 
0.91 
Acceptable 
Table 4.3 Lin Concordance Correlation (Lin & Williamson 2015) for the three methods. 
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estimated into the same phase, and 3) the left ilium was phased higher than the right 
ilium.  
  
Of these three outcomes the most frequent was the estimation of the two iliums to be 
in the same phase. The Buckberry & Chamberlain (2002) method had the largest 
percentage (~45%) of ilium estimated to be in the same phase (Figure 4.3). Meanwhile, 
Lovejoy et al. (1985) and Osborne, Simmons & Nawrocki (2004) had similar 
percentages (~40%) of individuals having the same phase estimate using either ilium.  
 
Despite the same phase category having the highest percentage of individuals, the two 
ilium are more likely to be estimated to be in different phases than the same. If the two 
different outcome categories of ‘phased lower’ and ‘phased higher’ are combined they 
have a substantially higher percentage of individuals (Figure 4.3). The left ilium is 
significantly more likely to be phased higher rather than lower when compared to the 
right ilium for all three methods.  
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Figure 4.3 Phase comparison between the right and left ilium of the same individual. 
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4.4.3 Documented age vs estimated age 
The general pattern of estimation for each of the three methods remained consistent 
between the two ilium of the same individual (Figures 4.4 & 4.5). Of the methods 
tested Lovejoy et al. (1985) had the lowest percentage of correctly estimated 
individuals. The Buckberry & Chamberlain (2002) method had the highest percentage 
of correctly estimated individuals using the right ilium. Meanwhile, Osborne, 
Simmons & Nawrocki (2004) had the highest number of correctly estimated 
individuals using the left ilium. The difference between the Buckberry & Chamberlain 
(2002) and Osborne, Simmons & Nawrocki (2004) methods using either ilium was 
miniscule (~5%). 
 
The Lovejoy et al. (1985) method had a low percentage of correctly estimated 
individuals with only about 5% of the 441 individuals correctly aged (Figures 4.4 & 
4.5). The majority (~70%) of individuals examined were underestimated, while about 
a quarter were overestimated. 
 
The Buckberry & Chamberlain (2002) method had a high number of correctly 
estimated individuals using either ilium, but the right ilium did have a slightly larger 
percentage (~5%) than the left ilium (Figure 4.4). Of the incorrectly estimated 
individuals the largest proportion were overestimated rather than underestimated using 
either ilium.  
 
The Osborne, Simmons & Nawrocki (2004) method correctly estimated over 75% of 
the individuals examined, but the left ilium did have a slightly higher percentage than 
the right (Figure 4.5). Similar to the Lovejoy et al. (1985) method, of the incorrectly 
estimated individuals the majority tended to be underestimated rather than 
overestimated.  
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Figure 4.4 Comparison between the right ilium estimations and Dart Collection 
documented ages. 
Figure 4.5 Comparison between the left ilium estimations and Dart Collection 
documented ages. 
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The trend shown by this comparison between the photographic estimations and the 
Raymond Dart Collection documented ages is that the Buckberry & Chamberlain 
(2002) and Osborne, Simmons & Nawrocki (2004) methods generally correctly 
estimate the age of an individual. Meanwhile, the Lovejoy et al. (1985) method tends 
to incorrectly estimate individuals. The Lovejoy et al. (1985) and Osborne, Simmons 
& Nawrocki (2004) methods seemed to correctly estimate more left ilium over right 
ilium, while the Buckberry & Chamberlain (2002) method estimated more right ilium 
correctly. The Lovejoy et al. (1985) and Osborne, Simmons & Nawrocki (2004) 
methods tend to underestimate incorrectly estimated individuals, while the Buckberry 
& Chamberlain (2002) method presents a tendency to overestimate incorrectly 
estimated individuals.  
 
The Pearson Correlation analysis showed that the three methods had a low positive 
association between either ilium and the documented age (Table 4.4). The Buckberry 
& Chamberlain (2002) method had the strongest level of association specifically with 
the right ilium. Meanwhile, the Lovejoy et al. (1985) method had the lowest level of 
association specifically with the right ilium. In general, the Buckberry & Chamberlain 
(2002) method showed the best association to the documented age using either ilium.  
 
The r2 values for all three methods using either ilium show that the data only explains 
a small percentage of variance (Table 4.4). The Buckberry & Chamberlain (2002) 
method using the right ilium had the highest r2 value and as such could best explain 
the variance seen in a larger South African population. The Lovejoy et al. (1985) and 
Osborne, Simmons & Nawrocki (2004) methods had a higher correlation and 
percentage of variance accounted for using the left ilium, while the opposite was true 
of the Buckberry & Chamberlain (2002) method.  
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The Lovejoy et al. (1985) method showed significantly larger levels of bias and 
inaccuracy than either of the other two methods tested (Table 4.5). Both the Lovejoy 
et al. (1985) and Osborne, Simmons & Nawrocki (2004) methods displayed negative 
biases, while the Buckberry & Chamberlain (2002) method was the only one to display 
a positive bias towards age estimation. The Osborne, Simmons & Nawrocki (2004) 
method had the smallest bias and inaccuracy of any of the methods when using the left 
ilium with less than a one-year deviation from the documented age. The Buckberry & 
Chamberlain (2002) method had the lowest bias and inaccuracy when the right ilium 
was examined, while the Lovejoy et al. (1985) and Osborne, Simmons & Nawrocki 
(2002) methods had the lowest values using the left ilium.  
 
 
 
 
 
Method Ilium r value r 2 (%) 
Lovejoy et al. 
(1985) 
Right 0.138 1.9 
Left 0.191 3.6 
Buckberry & 
Chamberlain 
(2002) 
Right 0.318 10.1 
Left 0.286 8.2 
Osborne, 
Simmons & 
Nawrocki (2004) 
Right 0.170 2.9 
Left 0.197 3.9 
Table 4.4 Pearson Correlation and r2 values for the three methods.  
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4.4.4 Age demographic 
Within each phase the Lovejoy et al. (1985) method showed a range of documented 
ages that surpassed the predicted age range of each particular phase (Figures 4.6 & 
4.7). The individuals with younger documented ages, generally below 50 years old 
tended to be overestimated followed by a small margin of correctly estimated 
individuals. Individuals with documented ages above the mid-40s were generally 
underestimated using either ilium. The majority of individuals in each Lovejoy et al. 
(1985) phase were underestimated. 
 
A wide range of documented ages were present in each of the Buckberry & 
Chamberlain (2002) phases but the vast majority of individuals in each phase were 
correctly estimated (Figures 4.8 & 4.9). Until the age of roughly 50 years old an 
increasing number of individuals were overestimated as the phase estimation 
increased. Individuals above the age of 80 years old were found to be underestimated 
but only in the higher estimated phases (phases 5 – 7). Overall more individuals were 
overestimated than underestimated in each phase.  
Method Ilium Bias Inaccuracy 
Lovejoy et al. 
(1985) 
Right -13.641 18.653 
Left -12.780 18.009 
Buckberry & 
Chamberlain 
(2002) 
Right 1.492 1.613 
Left 1.958 2.042 
Osborne, 
Simmons & 
Nawrocki (2004) 
Right -1.576 1.795 
Left -0.783 0.970 
Table 4.5 Bias and inaccuracy values for the three methods.  
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Figure 4.7 Distribution of correctly estimated, underestimated and overestimated 
individuals using the left ilium with the Lovejoy et al. (1985) method.  
Figure 4.6 Distribution of correctly estimated, underestimated and overestimated 
individuals using the right ilium with the Lovejoy et al. (1985) method.  
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Figure 4.8 Distribution of correctly estimated, underestimated and overestimated 
individuals using the right ilium with the Buckberry & Chamberlain (2002) method.  
Figure 4.9 Distribution of correctly estimated, underestimated and overestimated 
individuals using the left ilium with the Buckberry & Chamberlain (2002) method.  
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The Osborne, Simmons & Nawrocki (2002) method similar to the other two methods 
showed a wide range of documented ages in each phase category (Figures 4.10 & 
4.11). The estimations showed younger individuals (below 30 years of age) were 
overestimated in the higher phases, while older individuals (above 50 years of age) 
were underestimated. Meanwhile, a large proportion of individuals between these two 
opposing spectrums of the age range were correctly estimated.  
 
A trend was evident in the bias values for the Lovejoy et al. (1985) method with 
younger individuals generally overestimated and older individuals tending to be 
underestimated (Table 4.6). Individuals with documented ages below the 40 – 49 age 
category displayed a positive bias that indicated these individuals tended to be 
overestimated. Negative biases were observed for the age categories above and 
including the 40 - 49 and 50 - 59 for the right and left ilium respectively. This shows 
the tendency of the Lovejoy et al. (1985) method to underestimate individuals who 
have a documented age of over 40 years old. The same trend was observed with the 
Buckberry & Chamberlain (2002) bias values, with the tendency to overestimate 
individuals with a documented age in the 40s or below while underestimating 
individuals older than this age.  
 
The same trend was not as readily observed with the Osborne, Simmons & Nawrocki 
(2002) method. The lowest age category (<20) still had a positive bias and the final 
two age categories (80 – 89 & ³90) remained negative (Table 4.6). The categories in-
between varied between negative, positive and no bias. Hence the well-defined trend 
of overestimation to underestimation was not as clear as in the previous two methods.  
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Figure 4.10 Distribution of correctly estimated, underestimated and overestimated 
individuals using the right ilium with the Osborne, Simmons & Nawrocki (2004) 
method.  
Figure 4.11 Distribution of correctly estimated, underestimated and overestimated 
individuals using the left ilium with the Osborne, Simmons & Nawrocki (2004) 
method.  
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Method 
 
Ilium 
 
Dart Collection documented age range category 
<20 20 - 29 30 - 39 40 - 49 50 - 59 60 - 69 70 - 79 80 - 89 ³90 
Lovejoy et al. 
(1985) 
Right 22.200 14.237 7.604 -0.842 -8.765 -17.978 -25.351 -36.136 -40.375 
Left  25.200 15.472 6.796 0.000 -7.121 -17.637 -27.566 -31.333 -40.500 
Buckberry & 
Chamberlain 
(2002) 
Right 17.000 7.737 0.229 1.079 -0.324 0.000 0.000 0.169 -3.125 
Left  21.800 10.111 2.878 -0.432 -0.606 0.000 0.000 0.000 -2.250 
Osborne, Simmons 
& Nawrocki (2004) 
Right 2.000 -1.053 0.000 0.000 0.735 0.341 0.257 -4.356 -9.125 
Left  4.400 -0.639 0.000 0.000 0.000 0.000 -0.461 -4.433 -9.250 
Method Odds ratio p-value 
Lower value with 
95% confidence 
interval 
Higher value with 
95% confidence 
interval 
Lovejoy et al. 
(1985) 0.979 0.015 0.962 0.996 
Buckberry & 
Chamberlain 
(2002) 
1.086 0.000 1.070 1.103 
Osborne, 
Simmons & 
Nawrocki (2004) 
0.985 0.007 0.974 0.996 
Table 4.7 Logistic regression documented age data for the three methods. 
Table 4.6 Bias values for each Dart Collection documented age range category for the three methods. 
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When the logistic regression was performed the p-values for the odds ratios of all three 
methods were below the 0.05 limit and were therefore statistically significant (Table 
4.7). There was a statistically significant level of association between the increasing 
documented age of the individuals and the decreasing likelihood of the individual 
having a correct documented age estimation using Lovejoy et al. (1985); Buckberry & 
Chamberlain (2002) or Osborne, Simmons & Nawrocki (2004). The Buckberry & 
Chamberlain (2002) method was the only positive association between increasing 
documented age and increased estimated phase.  
 
It can be said that for the Lovejoy et al. (1985) method with each increasing age phase 
the odds of the documented age of the individual being correctly estimated is 0.979 
times higher than the previous phase (Table 4.7). So when based on the sample 
population as the age range of each phase increases the chance that the correct 
documented age will be estimated decreases. When this is extrapolated to a larger 
South African population it can be stated with a 95% confidence level that the odds 
for each increasing age phase of the Lovejoy et al. (1985) method correctly estimated 
the documented age of the individual is most likely to be within 96.2 – 99.6%. 
 
The analysis for Buckberry & Chamberlain (2002) suggests a positive association with 
each subsequent age phase 1.086 times more likely to correctly estimate the 
documented age than the previous age phase (Table 4.7). The association of increasing 
age phase in Buckberry & Chamberlain (2002) and increasing chance of correct age 
estimation is extrapolated to a larger population with 95% confidence to 107 – 110%. 
 
Similar to the Lovejoy et al. (1985) method, Osborne, Simmons & Nawrocki (2004) 
has a decreasing association between the increasing documented age of the individual 
and the chances of being correctly estimated in subsequent age phases. The odds ratio 
 76 
for the method with 0.985, hence for a larger South African population the likelihood 
of correctly estimating an auricular surface photographic specimen is between 0.974 
and 0.996 with 95% confidence (Table 4.7). 
 
4.4.5 Male vs female 
When analysing the data for sex no differences were seen between the right and left 
ilium for any of the methods hence only the right ilium scatterplots are presented.  
 
The Lovejoy et al. (1985) method displayed a large range of documented ages in each 
phase for both sexes (Figures 4.12 & 4.13). The same tendency to overestimate 
younger individuals while underestimating older individuals was shown for both 
sexes. A slight difference was visible in the overestimation of individuals, with females 
seeming to be slightly more overestimated than males.  
 
The same trend and overestimation of female individuals was also visible in the 
estimations made using the Buckberry & Chamberlain (2002) method (Figures 4.14 & 
4.15).  
 
The Osborne, Simmons & Nawrocki (2004) method displayed large documented age 
ranges in each phase for both sexes (Figures 4.16 & 4.17). The difference between the 
two sexes with this method was the males were more underestimated than the female 
individuals in general.  
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Figure 4.12 Distribution of correctly estimated, underestimated and overestimated 
male individuals using Lovejoy et al. (1985) and right ilium.  
Figure 4.13 Distribution of correctly estimated, underestimated and overestimated 
female individuals using Lovejoy et al. (1985) and right ilium.  
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Figure 4.14 Distribution of correctly estimated, underestimated and overestimated 
male individuals using Buckberry & Chamberlain (2002) and right ilium.  
Figure 4.15 Distribution of correctly estimated, underestimated and overestimated 
female individuals using Buckberry & Chamberlain (2002) and right ilium.  
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Figure 4.17 Distribution of correctly estimated, underestimated and overestimated 
female individuals using Osborne Simmons & Nawrocki (2004) and right ilium.  
Figure 4.16 Distribution of correctly estimated, underestimated and overestimated 
male individuals using Osborne Simmons & Nawrocki (2004) and right ilium.  
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The bias values show that the Lovejoy et al. (1985) method tends to underestimate 
both males and females (Table 4.8). The males have a larger negative bias and are 
therefore underestimated more significantly than the female individuals. The Osborne, 
Simmons & Nawrocki (2004) method also has negative biases for males and females, 
but tends to underestimate females more so than male individuals. The males estimated 
using the Osborne, Simmons & Nawrocki (2004) method have the lowest bias values 
for either sex using any of the three methods tested. Buckberry & Chamberlain (2002) 
is positively biased for both sexes, but slightly more so towards female individuals.  
 
 
 
When the regression was performed the p-value for the odds ratio of the Buckberry & 
Chamberlain (2002) method was below the 0.05 limit and was therefore statistically 
significant (Table 4.9). The p-value was not found to be statistically significant for 
either the Lovejoy et al. (1985) or Osborne, Simmons & Nawrocki (2004) methods, 
and therefore no difference between the sexes was considered to be present for these 
two methods. There was found to be an association between decreasing odds of correct 
estimation if a female individual was being estimated over a male individual when 
utilising the Buckberry & Chamberlain (2002) method. When considered in the 
Method Ilium Male Female  
Lovejoy et al. 
(1985) 
Right -16.138 -11.398 
Left -15.238 -10.500 
Buckberry & 
Chamberlain 
(2002) 
Right 0.793 2.119 
Left 1.223 2.640 
Osborne, Simmons 
& Nawrocki (2004) 
Right -0.384 -2.646 
Left -0.218 -1.306 
Table 4.8 Bias values for male and female individuals using three methods.  
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context of a larger South African population the likelihood of a female individual being 
correctly estimated would be 0.419 – 0.968 times that of a male individual with 95% 
confidence. 
 
 
4.4.6 Population affinity differences 
When analysing the data for population affinity the same results were seen for all three 
methods despite the ilium used hence only the right ilium scatterplots are presented.  
 
The general trend of overestimation of the young and underestimation of older 
individuals with large age ranges in each phase is present despite population affinity 
when the Lovejoy et al. (1985) method was used (Figures 4.18 & 4.19). The difference 
between the population affinities was that the South African African population 
appeared to have a higher number of overestimated individuals than the South African 
White population.  
 
The same trend and overestimation of South African African individuals was also 
visible in the estimations made using the Buckberry & Chamberlain (2002) method 
(Figures 4.20 & 4.21).  
Method Odds ratio p-value 
Lower value with 
95% confidence 
interval 
Higher value 
with 95% 
confidence 
interval 
Lovejoy et al. 
(1985) 0.799 0.434 NA NA 
Buckberry & 
Chamberlain 
(2002) 
0.637 0.035 0.419 0.968 
Osborne, 
Simmons & 
Nawrocki (2004) 
1.234 0.246 NA NA 
Table 4.9 Logistic regression sex specific data for the three methods.  
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The Osborne, Simmons & Nawrocki (2004) method doesn’t appear to have any 
significant differences between the two population affinities (Figures 4.22 & 4.23). 
This method still displays the trend of overestimation and underestimation shown by 
the other two methods, while having large age ranges for each phase.  
 
 
 
 
Figure 4.18 Distribution of correctly estimated, underestimated and overestimated 
South African African individuals using Lovejoy et al. (1985) and right ilium.  
 
 
Figure 4.19 Distribution of correctly estimated, underestimated and overestimated 
South African White individuals using Lovejoy et al. (1985) and right ilium.  
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Figure 4.21 Distribution of correctly estimated, underestimated and overestimated South 
African White individuals using Buckberry & Chamberlain (2002) and right ilium.  
Figure 4.20 Distribution of correctly estimated, underestimated and overestimated South 
African African individuals using Buckberry & Chamberlain (2002) and right ilium.  
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Figure 4.22 Distribution of correctly estimated, underestimated and overestimated 
South African African individuals using Osborne, Simmons & Nawrocki (2004) and 
right ilium.  
Figure 4.23 Distribution of correctly estimated, underestimated and overestimated 
South African White individuals using Osborne, Simmons & Nawrocki (2004) and 
right ilium.  
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The Lovejoy et al. (1985) and Osborne, Simmons & Nawrocki (2004) methods had 
negative biases for both the South African African and South African White 
individuals (Table 4.10). The Lovejoy et al. (1985) method had a significantly larger 
bias for the South African White population indicating that these individuals were 
underestimated more so than the South African African individuals. Meanwhile, the 
Osborne, Simmons & Nawrocki (2004) method had a slightly lower bias for the South 
African White individuals, indicating the South African African individuals were more 
highly underestimated. The Buckberry & Chamberlain (2002) method had a positive 
bias for both population affinities, but the South African White individuals were less 
overestimated than the South African African individuals.  
 
 
 
When the regression was performed the p-value for the odds ratio of the Osborne, 
Simmons & Nawrocki (2004) method was below the 0.05 limit and was therefore 
statistically significant (Table 4.11). The p-value was not found to be statistically 
significant for either the Lovejoy et al. (1985) or Buckberry & Chamberlain (2002) 
methods, and therefore there was not considered to be a difference between the two 
Method Ilium South African African 
South African 
White 
Lovejoy et al. 
(1985) 
Right -0.520 -22.956 
Left -3.351 -22.942 
Buckberry & 
Chamberlain 
(2002) 
Right 2.717 0.128 
Left 3.635 0.150 
Osborne, Simmons 
& Nawrocki (2004) 
Right -1.650 -1.493 
Left -1.311 -1.291 
Table 4.10 Bias values for South African African and South African White 
individuals using three methods.  
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population affinities for these methods. There was a decreasing association between 
correct estimation and population affinity using the Osborne, Simmons & Nawrocki 
(2004) method with South African White individuals 0.422 times more likely to be 
correctly estimated than South African African individuals based on the sample 
population. Based on this sample in a larger South African population the chances of 
a South African White individual receiving a correct age estimation in comparison to 
a South African African individual is 27.5 – 64.7% with 95% confidence.  
 
 
4.4.7 Sex and population affinity differences 
The data was split into four subcategories of sex and population affinity; hence the 
categories were: South African African male; South African African female; South 
African White male and South African White female. A trend was evident for the 
South African White population despite the sex of the individual when the Lovejoy et 
al. (1985) method was used to estimate age. The trend showed the vast majority of the 
individuals being underestimated and the remaining individuals almost evenly split 
between correct estimation and overestimation (Figures 4.24 & 4.25). There was no 
trend shown within in the South African African population or between either of the 
sexes for the Lovejoy et al. (1985) method.  
Method Odds ratio p-value 
Lower value 
with 95% 
confidence 
interval 
Higher value 
with 95% 
confidence 
interval 
Lovejoy et al. 
(1985) 1.042 0.908 NA NA 
Buckberry & 
Chamberlain 
(2002) 
0.866 0.599 NA NA 
Osborne, 
Simmons & 
Nawrocki (2004) 
0.422 0.000 0.275 0.647 
Table 4.11 Logistic regression population affinity specific data for the three methods. 
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Figure 4.24 Comparison between the four sex & population subgroups using the 
Lovejoy et al. (1985) method on the right ilium. 
Figure 4.25 Comparison between the four sex & population subgroups using the 
Lovejoy et al. (1985) method on the left ilium. 
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The Buckberry and Chamberlain (2002) method showed a clear trend within the South 
African White individuals. The overwhelming majority of the individuals were 
correctly estimated with the incorrectly estimated individuals split between 
underestimation and overestimation (Figures 4.26 & 4.27). There was a faint trend 
within the South African African population with the majority of the individuals being 
correctly estimated and most of the incorrectly estimated individuals being 
overestimated. Meanwhile, there was no trend evident for either the male or female 
individuals using Buckberry & Chamberlain (2002).  
 
Once again there was a clear trend within the South African White individuals when 
using the Osborne, Simmons & Nawrocki (2004) method. The individuals with that 
population affinity were mostly correctly estimated with the remaining generally 
underestimated (Figures 4.28 & 4.29). There was slight trend visible for the South 
African African population, with most individuals correctly estimated and a rough split 
of the remaining between the two incorrect estimation categories. There was no visible 
trend for male individuals when using the Osborne, Simmons & Nawrocki (2004) 
method, but the female individuals tended to be slightly more overestimated than the 
males.  
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Figure 4.26 Comparison between the four sex & population subgroups 
using the Buckberry & Chamberlain (2002) method on the right ilium. 
Figure 4.27 Comparison between the four sex & population subgroups using 
the Buckberry & Chamberlain (2002) method on the left ilium. 
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Figure 4.28 Comparison between the four sex & population subgroups using 
the Osborne, Simmons & Nawrocki (2004) method on the right ilium. 
Figure 4.29 Comparison between the four sex & population subgroups using 
the Osborne, Simmons & Nawrocki (2004) method on the left ilium. 
 91 
4.4.8 Physical examination vs digital examination 
Both physical examination and photographic evidence age estimations incorrectly 
estimated roughly 70% of the 415 individuals in the sample despite the ilium used 
(Figures 4.30 & 4.31). Just under half of the sample population was underestimated by 
both evidence types. A further 20% was overestimated using both physical 
examination and photographic evidence.  
 
The physical examination of the individuals correctly estimated about a quarter of the 
entire sample population. Of this percentage 23.6% and 25.3% respectively for the 
right and left ilium were correctly estimated only by the physical examination 
estimations.  
 
The photographic evidence correctly estimated the age of roughly 5.3% of the total 
sample population. Of this only 3.9% was correctly estimated using only the 
photographic evidence.  
 
Therefore, only between 0.5 - 1.5% of the sample was correctly estimated using both 
evidence types. This small number of correctly estimated individuals is dramatically 
different from the 70% of individuals that were incorrectly estimated by both evidence 
types. 
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Figure 4.31 Comparison between the left ilium physical examination and photographic 
evidence estimation. 
Figure 4.30 Comparison between the right ilium physical examination and photographic 
evidence estimation. 
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The Pearson Correlation test showed there was a low correlation between the 
estimations formed by the two evidence types and hence there was a weak association 
between the two. The left ilium had a slightly higher coefficient and was therefore 
more marginally associated between the two evidence types (Table 4.12).  
 
 
  
 
 
 
 
 
 
 
 
 
Method Ilium Pearson correlation 
Lovejoy et al. (1985) 
Right 0.320 
Left 0.328 
Table 4.12 Pearson Correlation values between the two evidence types of physical 
examination and photographic evidence.  
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Chapter 5: Discussion 
5.1 Summary  
Three auricular surface age estimation methods were tested on photographic evidence 
from 441 individuals sourced from the Raymond Dart Collection in South Africa. 
Intraobserver error (repeatability) was tested, followed by the examination of light on 
the visibility of surface features and the morphological examination of features able to 
be observed on eighty individuals from eight different age categories. The estimations 
of the 441 individuals were then compared using demographic information and finally 
compared to physical estimations of the same individuals.  
 
The Lovejoy et al. (1985); Buckberry & Chamberlain (2002) and Osborne, Simmons 
& Nawrocki (2004) methods were repeatable for photographic evidence when the left 
ilium was examined. The Buckberry & Chamberlain (2002) method was also 
repeatable when the right ilium was examined. The Lovejoy et al. (1985) method was 
repeatable for the right ilium during the pilot study, but when an increased number of 
individuals were tested it was no longer repeatable. The examination of the right ilium 
using the Osborne, Simmons & Nawrocki (2004) method was not repeatable. Hence, 
the Buckberry & Chamberlain (2002) method was the most repeatable of the three 
methods tested. 
 
The photography and lighting experiment managed to establish the importance of 
correct lighting and photographic equipment in regard to taking a forensically 
examinable digital image. The two best results were produced using ambient lighting 
and direct flash, however the ambient lighting was too diffused to visualise the 
granularity of the surface. It was therefore established that direct flash was the most 
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appropriate for the photographing of an auricular surface. Although, it is suggested 
that the advantages of a ring flash be investigated in further research. The direct flash 
was able to highlight important surface features without masking the appearance of the 
surface granularity or casting any large, dark and obtrusive shadows.  
 
The eighty individuals examined during the morphological analysis did not display 
any clear trends that linked with the phase descriptions provided by Lovejoy et al. 
(1985). The emergence, degeneration and disappearance of the surface features did not 
seem to clearly associate with the expected trends established by Lovejoy et al. (1985). 
The lack of correspondence with the Lovejoy et al. (1985) descriptions may be due to 
the high level of noise obscuring the true granularity of the surface so that coarse grain 
appeared to be present on most individuals, and the lack of clarity this caused in other 
features. The inability to observe surface features would have contributed to the low 
agreement with the Lovejoy et al. (1985) method.  
 
There was no clear trend or consistency in the difference between the estimations of 
either ilium. The Buckberry & Chamberlain (2002) method had the highest percentage 
of same phase estimations between the ilium, but this was not noticeably consistent. 
 
The three methods all seemed to have a large range of documented ages within each 
age phase. The main difference being that the vast majority of individuals in each age 
phase of the Buckberry & Chamberlain (2002) and Osborne, Simmons & Nawrocki 
(2004) methods were correctly estimated, while this was not the case for the Lovejoy 
et al. (1985) method.  
 
The Lovejoy et al. (1985) method had low percentages of correctly estimated 
individuals in all demographic categories of documented age, sex and population 
 96 
affinity. A trend of overestimation in individuals younger than 50 years of age while 
underestimating elderly individuals was present. The high complexity of the method, 
for a novice examiner especially, would have been a contributing factor in the lower 
accuracy of the Lovejoy et al. (1985) method. Also contributing would have been the 
reliance of the method on surface granularity as a main feature. 
 
The Buckberry & Chamberlain (2002) method had the strongest correlation to the 
documented age with a high percentage of individuals correctly estimated. This was 
consistent despite the sex or population affinity of the individual, however the South 
African African individuals did appear to be have a slight tendency to be 
overestimated. The increased number of correctly estimated individuals in comparison 
to Lovejoy et al. (1985) may have been due to the larger age ranges and more objective 
nature of the Buckberry & Chamberlain (2002) method. It is possible that this method 
may be applicable to the European Australian population, although further research 
would need to be performed using an Australian skeletal sample to give credence to 
this theory. The South African African specimens generally came from migrant 
workers from across the European continent according to research into the Raymond 
Dart Collection produced by Dayal et al. (2009). This is in some respects similar to the 
way the Australian European population emerged. This similar formation of the 
populations despite the distance between them, gives rise to the theory that an age 
estimation method that is applicable to one population may be applicable to another 
population of a similar background.  
 
The Osborne, Simmons & Nawrocki (2004) method also had a high percentage of 
correctly estimated individuals despite sex or population affinity. The South African 
White individuals tended to be underestimated slightly more often than the South 
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African African individuals with this method. The Osborne, Simmons & Nawrocki 
(2002) method provides large age ranges for each phase which would have been a 
factor in the high percentage of correct estimations, as would the decreased complexity 
of the method in comparison to the Lovejoy et al. (1985) method. With such a high 
percentage of correctly estimated individuals it is possible that the Osborne, Simmons 
& Nawrocki (2004) method may also be applicable to a European Australian 
population.  
 
The comparison between the Lovejoy et al. (1985) physical examination and digital 
examination showed the physical estimations produced a higher percentage of 
correctly estimated individuals. A minor percentage of individuals were correctly 
estimated by the digital examination when compared to the percentage of correctly 
estimated individuals from the physical examinations.  
 
5.2 Limitations  
5.2.1 Methods  
5.2.1.1 Difficulty  
The estimation of adult skeletal remains is complicated and often difficult irrespective 
of the age indicating surface examined. The main issue with adult age estimation from 
skeletal remains is the varying rate of degeneration between individuals, but also 
within the individual themselves (Buckberry & Chamberlain 2002). A slowed or 
increased rate of degeneration can significantly impact on an examiners ability to 
accurately provide an age range estimate. Along with the difficultly associated with 
general adult age estimation the three methods tested in this research give arise to new 
limitations specific to each age estimation method.  
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The Lovejoy et al. (1985) age estimation method can be complicated and therefore 
more difficult to apply leading to a higher intraobserver error (Saunders et al. 1992). 
This has been attributed to the overlapping of the features in adjacent age phases, 
making it problematic to select the most appropriate age phase for the surface being 
examined (Buckberry & Chamberlain 2002; Murray & Murray 1991). This 
overlapping was compounded by the lack of clarity in the descriptions of the Lovejoy 
et al. (1985) age phases and how the surface features macroscopically progressed 
throughout those phases (Bedford et al. 1993; Hailey 2015). During the course of this 
research the same issues were experienced with the overlapping of phases. For 
example, densification of the bone begins at phase 5 and continues until phase 8 where 
no granulation should be present, but no clear definition on the level of granulation 
that should be present is provided. One feature may be a model characteristic of 
successive phases making it possible for the surface being examined to theoretically 
be able to be placed in a multitude of phases. This made examining an individual 
auricular surface without first performing a seriation on the set of auricular surface 
samples difficult. Lovejoy et al. (1985) suggests seriation be performed before 
beginning the age estimation. This process was not undertaken as the capacity of the 
method to work effectively without seriation is pertinent to the research as seriation is 
not possible for individual forensic cases (Hens, Rastelli & Belcastro 2008). 
 
Buckberry & Chamberlain (2002) may have been able to solve the problem of 
complexity of features within subsequent age phases but produced a new limitation 
through the creation of numbered criteria based on a percentage of the surface (Hens, 
Rastelli & Belcastro 2008). The issue of how you estimate a certain percentage of a 
surface arises as the auricular surface of the ilium is not a uniform shape and cannot 
 99 
be simply divided into even parts. Hence, when determining how much of the surface 
is equal to a certain percentage a rough estimate was produced visually.  
 
The Osborne, Simmons & Nawrocki (2004) method despite being published not long 
after the Buckberry & Chamberlain (2002) method has not received nearly as much 
attention. There are very few published articles testing the Osborne, Simmons & 
Nawrocki (2004) method, which means there is less peer review for this particular 
method regarding important factors such as reliability and specificity of the method 
for particular subgroups or subpopulations.  
 
An issue that both Buckberry & Chamberlain (2002) and Osborne, Simmons & 
Nawrocki (2004) share is the wide range of the final age estimation provided by the 
two methods. The age range estimates produced by the examination of an auricular 
surface using either of these two methods is extremely wide, especially in comparison 
to the Lovejoy et al. (1985) method. Although these larger age ranges are less likely 
to exclude the true age at death of the deceased individual, they are less precise 
(Buckberry & Chamberlain 2002; Hailey 2015). The chances of a correct age estimate 
are therefore much greater using the Buckberry & Chamberlain (2002) and Osborne, 
Simmons & Nawrocki (2004) methods than the Lovejoy et al. (1985) due to the larger 
age ranges present in the phases. This may be an issue for forensic anthropological 
casework where a narrow and accurate age estimation is preferable (Buckberry & 
Chamberlain 2002). However, the inclusion of the true age of the individual in the 
final age estimate is the most important factor. Therefore, when combined with other 
biological profile factors these age estimation methods are still able to provide valuable 
and constructive information about a deceased individual.  
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5.2.1.2 Terminology  
It was difficult to understand precisely how to apply the three tested methods to the 
specimens, especially in the case of Lovejoy et al. (1985) where the published method 
is rather scarce on clear explanations. Compounding this difficulty was the 
exchangeable use of the words ‘stage’ and ‘phase’. For simplicity and continuity only, 
the word ‘phase’ was used through this research. The Oxford English dictionary (2010) 
lists stage as a synonym of phase, both meaning ‘a distinct period or stage in a series 
of events or a process of change or development’.  
 
Lovejoy et al. (1985) uses the two words interchangeably without clearly identifying 
that they refer to the same thing, in addition to this Lovejoy et al. (1985) refers to the 
‘age phases’ as ‘age modes’ at various points throughout the paper without adequately 
explaining its meaning. Lovejoy et al. (1985) identifies five general life interval phases 
then identifies the eight stages of the method. Although, throughout the individual 
descriptions of each of the eight stages the words ‘stage’, ‘phase’, and ‘mode’ are used 
interchangeably. Osborne, Simmons & Nawrocki (2004) use both ‘stage’ and ‘phase’, 
although ‘phase’ is used more often. Meanwhile, Buckberry & Chamberlain (2002) 
only use the term ‘stage’. Pubic symphysis age estimation methods also experience 
this issue with confusing terminology. Todd (1921) uses both the terms ‘phase’ and 
‘stage’.  
 
It may appear to be a minor issue, but the decision on a uniform term would contribute 
towards the reduction in method complexity and allow the easier understanding, 
application and comparison of different age estimation methods. Perhaps phase would 
be the most appropriate term to use, as stage can be used to refer to the general interval 
of life an individual was in at the time of death, e.g. childhood or young adulthood. 
 101 
This uniform term could be used in age estimation methods throughout anthropology 
no matter the surface being utilised for the estimation.  
5.2.1.3 2D vs 3D images 
A limitation presented by using photographic evidence of a bone surface is the lack of 
three-dimensional (3D) aspects able to be visualised within the two-dimensional (2D) 
image. The vast majority of age estimation methods provide some form of visual 
aspect to enable comparison to the specimen being examined, but do not discuss the 
2D to 3D limitations of this or the potential of 2D to 2D comparison work (Bedford et 
al. 1993; Lovejoy et al. 1985). A photograph is a 2D representation of a 3D object, and 
as such is unable to provide as much detail as the physical object. 3D imaging 
techniques, such as 3D surface scanning or CT scanning, are able to provide further 
information than previously utilised 2D digital photography techniques (Franklin, 
Swift & Flavel 2016; Garvin & Stock 2016). The ability to manipulate the view of the 
object by utilising different angles within the same image and the capacity for the 
provision of accurate surface feature measurements are the reasons this type of 
imaging are becoming more commonplace (Franklin, Swift & Flavel 2016). Surface 
features found in the auricular surface age estimation process, such as billowing and 
porosity, can be relatively difficult to determine on a 2D digital image as experienced 
during the research, but may be easier to observe on a 3D digital image (Sitchon 2003).   
 
Hutchinson & Russell (2001) have suggested that caution be practiced when 
examining photographic images for the purposes of age estimation. This was suggested 
as some details of surface features, such as granularity or other texture features, are 
hard to detect in photographic evidence, and in some cases may not be detectable in 
the image at all (Sitchon 2003). This leads to the conclusion that the lack of three-
dimensional data in the photographic evidence in this research would undoubtedly 
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have contributed to the incorrect age estimation of a number of individuals. Although, 
the extent of this contribution was unable to be quantified.   
5.2.2 Resources  
5.2.2.1 Dart Collection  
The Raymond A. Dart Collection is one of the largest skeletal collections in the world 
but is not without fault or issue. The vast majority of the documented age at death data 
in the collection was accurately obtained from official documents such as medical 
records or death certificates, and as such are reliable for research purposes (Dayal et 
al. 2009). A minor percentage of the age at death data was unable to be acquired using 
official means. A reason for this inaccuracy in the age data was due to a proportion of 
the collected skeletal remains being acquired by skeletonising unclaimed bodies, the 
majority of which are thought to be migrant labourers. To determine an age at death 
for these unclaimed individuals an examination of the skeletal remains would have 
been performed and an age estimate would have been recorded as the documented age 
of the deceased (Dayal et al. 2009). The use of estimates as documented age recordings 
introduces the issues of variation from population affinity and morphological variation 
between individuals, which can impact upon an age estimate. This may have resulted 
in some inaccuracy in the age estimates that would have become the documented age 
of the individuals.  
 
In cases which have a numerical documented age, it is improbable that one would be 
able to determine which individuals have an accurate documented age at death from 
official records and which have an estimated documented age at death based on 
skeletal examinations. Despite these drawbacks, the documented age at death for the 
individuals from the Dart collection must be used as it is the only source of true age 
data available for the validation of the research. This may have had a minor impact 
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upon the results of this research with the inaccurate documented age at death values 
potentially accounting for a minute number of incorrect estimates based on either the 
physical examination or digital examination. The Raymond Dart Collection is one of 
the largest collections with a vast range of ages present and is a popular resource for 
anthropological research. 
 
 
5.2.2.2 Secular trend 
Secular trend in this research refers to variations in skeletal characteristics that occur 
over a large amount of time. The secular trend in the development and degeneration of 
individuals is an important aspect to consider. These variations are said to mainly be 
accounted for by changes to a population over time in regard to nutrition and lifestyle 
factors such as health care, exercise and life span (Falys, Schutkowski & Weston 2006; 
Roche 1979).  
 
The birth years of the skeletal remains in the Dart Collection range from the early 20th 
century to the present day (Dayal et al. 2009). During this time the environment and 
manner in which people live has changed dramatically with everything from diet to 
life span being impacted by industrial and social advances. These alterations would 
undoubtedly lead to some form of secular change in regard to the development and 
eventual degeneration of the skeleton of living individuals. This would impact upon 
the ability of a method to accurately estimate the age of an individual after death, as 
features that were once common during a particular stage of life may no longer be 
present due to the impact of a changing generational lifestyle.  
 
Not only is there a certain degree of change through time, but different populations 
may experience a different level of secular trend (Heuze & Cardoso 2008). For 
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example, a specimen from a more affluent region may have experienced a different 
rate of secular population trend than a specimen from a more underdeveloped region 
with less of a socioeconomic status. These secular changes will impact upon the 
presence of age indicating features and the rate of degeneration observable on 
specimens at certain stages of life. In turn this will affect the ability of the age 
estimation methods to estimate the age of a deceased individual correctly. 
 
This is especially an issue when utilising older methods or skeletal collections that 
were developed or formed many years ago. The variation present in these older 
generations may be vastly different to that of the current population. Therefore, it 
would be wise to test whether methods developed for a different generational 
population are still valid and able to distinguish between the variation present in the 
modern population. If not it may be that new methods based on the modern population, 
either Australian specific or the worldwide population, are required to be developed 
and validated.  
 
In order to prevent this, methods must be constantly updated using contemporaneous 
population collections where possible. This way secular trend may be able to be 
accounted for within the age estimation methods being developed and utilised by 
working forensic anthropologists.  
 
5.2.2.3 Photographs  
The digital images provided were taken with a Nikon Coolpix camera (5200) with no 
linear scale present or specific considerations to lighting. This poses an issue when it 
comes to forensically examining these images as firstly there was no scale to assist 
with size determination. The lack of a linear scale in any of the photographs meant that 
the size of certain features was unable to be accurately estimated. This is a major 
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problem for the primary surface feature of porosity which relates to the presence of 
different size perforations in the surface of the bone. Hence, any porosity evaluation 
for the estimation process was performed by comparing the sizes of the present 
perforations against each other and making an estimation as to whether the porosity 
was macro or micro. This is not an accurate manner of determination and as such could 
have had an impact on the resulting age estimation. 
 
The Nikon camera was not capable of manual setting adjustment, limiting the 
photographer’s control over image quality. The camera was only capable of automatic 
adjustment of exposure settings (e.g. ISO, shutter speed and aperture) in response to 
the environment the photograph was being taken in. These limitations concerning the 
lack of manual control is similar to the capabilities of the camera feature of a mobile 
phone. This is an important thing to consider as often if a quick image is required from 
a police officer on. This lack of control often leads to the lower sections of the bone 
surface being out of focus and blurred due to an inadequate depth of field. If the 
provided images were captured with more consideration given towards critical 
photographic quality parameters, the shallow focus issue would likely not have 
affected the images as dramatically as it did.  
 
The lighting conditions for the photographic capturing of the auricular surface of the 
ilium specimens was also not controlled for. The overhead fluorescent lighting that 
was present in the room was generally the only light source used, however, a few 
images did have an attached flash used. No detachable flash or ring flash were used 
which would have been preferable as it would have highlighted the features of the 
auricular surface, although fluorescent lighting in a darkened room was not specifically 
tested. Robinson (2010b) has shown that ring flash lighting is especially proficient at 
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illuminating a bone surface and should be researched further with regard to the 
auricular surface of the ilium. The lighting conditions of the photographic evidence 
caused some of the images to exhibit a slight green or yellow colour cast, while other 
images appeared to depict the expected shade for a bone specimen. This once again 
may have limited the ability of the examiner to correctly estimate age from the 
photographic evidence as it may have impacted the visibility of the surface granularity.  
 
This lack of control within the camera settings and conditions under which the 
photographic evidence was taken resulted in low quality digital images. The main issue 
with the photographic evidence was the high level of noise present in all of the digital 
images. Image noise is when an area that should look smooth appears grainy or 
speckled, this is often caused by a high ISO setting. The noise in the evidence most 
likely stemmed from the high ISO setting of the Nikon camera at the time the image 
was taken. The camera automatically increased the ISO to account for the darkened 
lighting conditions the photographs were captured under causing noise artefacts. If an 
image is taken in a dark environment with a camera that only has automatic settings 
and is therefore incapable of manual control, the ISO will be higher in order to increase 
the brightness of the image. The higher the ISO of the camera, the more noise is 
produced in the digital image (Anonymous 2017).  
 
The high level of noise present in the photographic evidence images presented a 
problem as it obscured the fine detail of the auricular surface features, especially the 
granularity of the surface. This lack of clarity between noise and surface granularity in 
the digital images made it extremely difficult to determine the level of granularity 
present for each specimen. This was in fact the most difficult part of the age estimation 
process because of the indecision between the presence of genuine bone specimen 
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grain or image noise in certain areas of the surface. Granularity is a major component 
of all the age estimation methods used, but especially the Lovejoy et al. (1985b) 
method where it is a critical feature to determine the most appropriate age phase of the 
individual. This means that the level of noise in the images directly impacted the ability 
to estimate age from the photographic evidence. This high ISO value could have been 
reduced with increased light available for capture or a camera capable of manual 
adjustment of capture settings to account for the low light in the room.  
 
5.2.3 Examiner experience 
The use of two separate examiners for the physical examination and photographic 
examination has been noted before, but what may have not been taken into account is 
the skill level and experience of these examiners. The examiner who performed the 
physical examination of the auricular surfaces was by far the more experienced of the 
two examiners. This will have impacted the results comparing the physical and 
photographic estimations because as mentioned before the Lovejoy et al. (1985) 
method can be difficult to apply for even a skilled forensic anthropologist. Lovejoy et 
al. (1985) may prove to be a problematic age estimation method for a less proficient 
examiner to apply even to a physical specimen, which is the preferred evidence type 
for age estimation purposes. The novice examiner would struggle with the 
complexities of the method and while may be able to identify the features present may 
find it challenging to select the most appropriate phase for the particular specimen.  
 
The results of the comparison between the physical examination and photographic 
examination back up this claim about the influence of examiner experience. The 
physical examination produced significantly more correctly estimated auricular 
surface estimations, which may have been a product of not only the 3D aspect of the 
 108 
evidence but also the greater skill level of the examiner. Additionally, supporting this 
claim is the larger number of auricular surface specimens which were correctly 
estimated using only the physical examination in comparison to the 4% of specimens 
correctly estimated using only the photographic evidence. This suggests that it may be 
more accurate to estimate age using the physical auricular surface of the ilium over a 
photographic piece of evidence, but also that a more experienced examiner has a more 
precise ability to estimate the age at death based on this surface using the Lovejoy et 
al. (1985) method.  
 
5.3 Integration  
The Lovejoy et al. (1985) method clearly displayed the anticipated trend of 
estimations. The method tended to overestimate the age of individuals under 50 years 
old, while underestimating those that were older than 50 years. This pattern has been 
observed throughout all of the testing performed on this method and has come to be 
expected for the Lovejoy et al. (1985) method (Altes 2016; Hailey 2015; Hens & 
Belcastro 2012; Murray & Murray 1991; Saunders et al. 1992). The bias of the method 
and likelihood of an incorrect estimation increased with documented age, 
corresponding with the previous conclusions of Saunders et al. (1992) and Schmitt 
(2004). Overall, there did not appear to be a population specific trend supporting the 
theory that the method is not population specific (Lovejoy et al. 1985; Murray & 
Murray 1991). The physical estimations were more accurate at producing correct age 
estimations than the photographic estimation. It can be said that the Lovejoy et al. 
(1985) method is better suited for the physical examination of the auricular surface, 
supporting the conclusions of Hutchinson & Russell (2001) and conclusions of Sitchon 
(2003) for remote pubic symphysis age estimation.  
 
 109 
The Buckberry & Chamberlain (2002) method produced a much higher repeatability 
than the Lovejoy et al. (1985) method. This corresponds with the lower intraobserver 
error that has been previously observed making it a more preferable method, especially 
for novice examiners (Buckberry & Chamberlain 2002; Hens & Belcastro 2012; 
Mulhern & Jones 2005; Rougé-Maillart et al. 2007). The results of this study found 
that the older age categories had higher percentages of correctly estimated individuals 
than the Lovejoy et al. (1985) method, supporting the conclusion that the Buckberry 
& Chamberlain (2002) method is more accurate for the elderly (Gocha et al. 2015; 
Merritt 2013; Xanthopoulou et al. 2018). The results of this study suggest that there 
may be some slight population specificity with the method, with the South African 
White individuals more likely to be correctly estimated and less likely to be 
overestimated than the South African African individuals. This is opposed to the 
suggestions of both Buckberry & Chamberlain (2002) and Mulhern & Jones (2005), 
but agreeing with Hens & Belcastro (2012). Although, the method did not display any 
sex specificity which corresponded with the conclusions of Buckberry & Chamberlain 
(2002) and Mulhern & Jones (2005). 
 
The Osborne, Simmons & Nawrocki (2004) method displayed an increased percentage 
of correctly estimated individuals in comparison to the Lovejoy et al. (1985) method, 
and in some cases the Buckberry & Chamberlain (2002) method. The same increased 
accuracy of the method was observed by Franklin (2010) and Molly (2016) who 
concluded it was due to wider age ranges and simplification of the process 
respectively. The method did not display any major changes between either population 
affinities or sexes, indicating it is not population or sex specific and agreeing with 
Osborne, Simmons & Nawrocki (2004).  
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5.4 Implications  
This research, although preliminary, may have some implications for the future of 
forensic anthropology. Research into remote age estimation of skeletal remains is of 
extreme importance as certain limitations can make the examination or re-examination 
of skeletal remains impossible. Limitations that may affect the time a deceased 
individual’s remains can be kept for examination may include time pressures, inter-
governmental problems, families emotional and religious connections to the remains, 
destruction of the skeletal remains due to forensic testing or post-mortem trauma and 
in the case of some military operations the danger level of the crime scene. It is 
therefore essential that the development of remote age estimation methods for digital 
skeletal remains are continued and become an area of paramount importance in the 
forensic anthropological field.  
 
Research into photographic evidence will enable age estimation work to be performed 
on human remains that are located in distant, remote or even dangerous settings. This 
remote capability would assist in different situations for example during military 
operations where time frames at sites may be short, or in cases where images have 
been provided by rural police. This is frequently the case when remains are found and 
suspected of belonging to a deceased Aboriginal Australian individual. Once an 
individual has been uncovered the first step is to identify them as Aboriginal, but this 
must be done without moving the individual from their resting place at the site as this 
is desired by the traditional owners of the land. It is in circumstances such as these that 
images are taken by local police on the scene to be sent to a forensic anthropologist 
for examination. Remote anthropology would be an invaluable asset in terror attack 
situations where there are potentially mass casualties and thousands of deceased 
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individuals. This is why research into the remote examination of skeletal remains is 
essential to the field.  
 
These research goals can be assisted by the development of a remote skeletal database 
containing a vast number of diverse specimens. The ability to utilise photographic or 
other digital imaging techniques to create this database means that copies of the 
skeletal remains could be kept and stored while the physical remains are able to be 
returned to the family of the deceased. This would enable further casework and 
research to be performed on the skeletal remains while allowing the deceased’s 
families to mourn (Toom 2017).  
 
5.5 Recommendations 
A number of recommendations have been formulated and are described in the 
following paragraphs regarding further research into this area of forensic 
anthropological age estimation using photographic evidence.  
 
The first recommendation would be to collect a study sample that contains an even 
more diverse population affinity, potentially examining auricular surfaces of the ilium 
from multiple skeletal collections. Secondly, multiple age estimation methods should 
be performed on the physical auricular surface specimens. Preferably the same age 
estimation methods performed during the physical examination should also be 
performed during the digital examination. Future research should also consider the 
possibility of using more modern digital imaging techniques which are capable of 
reproducing the 3D aspect of the physical auricular surface, such as 3D scanning. 
Meanwhile, the examiner estimating age from the physical examination and digital 
examination should be kept constant to eliminate the issue of interobserver error and 
the potential influence of experience level between examiners.  
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Finally, any photographic evidence that is used should be taken in a controlled setting 
with a camera that is able to adjust the necessary image quality features (e.g. aperture, 
ISO and shutter speed). The auricular surfaces should be photographed using the 
correct lighting conditions and contain a linear scale to meet the standards for a 
forensically acceptable image. It is suggested that multiple photographs of the 
auricular surface of the ilium from different angles of view could also be beneficial in 
providing more information on the three-dimensional aspects of the surface. Regarding 
digital evidence if it is possible to scan the bones using CT or 3D scanning 
technologies this should also be performed. These technologies are not only able to 
record a detailed digital image of the bone but are capable of reproducing a physical 
model using 3D printing programs.  
 
A suggestion is also made to begin the development of a digital database of not only 
auricular surface of the ilium specimens, but multiple age indicating surfaces from 
different worldwide populations for use in further research.  
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Chapter 6: Conclusion 
This study aimed to test the Lovejoy et al. (1985); Buckberry & Chamberlain (2002) 
and Osborne, Simmons & Nawrocki (2004) age estimation methods on photographic 
evidence.  
 
The original age estimation method by Lovejoy et al. (1985) did not perform as well 
as the other tested methods and was the least accurate of the three when applied to the 
photographic images. This is probably due to a combination between the complexity 
of the method, digital image quality and a lack of examiner experience. The Lovejoy 
et al. (1985) method was the only method to be applied to the physical remains and 
managed to produce more accurate results with the physical examination than the 
photographic, which may have been due to the better ability to observe the features of 
the surface and an examiner with greater experience. This suggests that perhaps the 
Lovejoy et al. (1985) method is not well suited photographic evidence as previously 
proposed by Hutchinson & Russell (2001).  
 
The more recently developed Buckberry & Chamberlain (2002) and Osborne, 
Simmons & Nawrocki (2004) methods produced significantly more correct age 
estimations than Lovejoy et al. (1985). The increased proficiency of these two methods 
on photographic evidence may be due to the significantly wider age ranges of the 
phases and decreased method complexity. These methods appeared to be slightly more 
accurate for South African White and South African African individuals respectively. 
It is also possible that these two methods may be applicable to the European Australian 
population, due to the similar background of the population composition. 
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It is important when using photographic evidence that the capabilities of the camera 
and the environment in which the image is taken are considered. These factors can 
assist or hinder the age estimation process. The possibility of a digital skeletal database 
for comparative and research purposes should also be explored further, especially in 
regard to providing Australian specific data.  
 
The use of the Buckberry & Chamberlain (2002) and Osborne, Simmons & Nawrocki 
(2004) methods on photographic evidence shows promise and should be further tested 
for validation purposes. The benefits of remote age estimation are apparent in multiple 
circumstances such as the development of a digital comparative database. Caution is 
highly advised when using digital evidence to avoid the limitations of the evidence 
type becoming an issue. Further research into adapting and validating physical 
examination methods into a validated process for photographic or digital image 
evidence examination is critical to the advancement of the field of forensic 
anthropology.  
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Appendix I: Repeatability test formula- Lin Concordance Correlation formula 
(Lin & Williamson 2015) 
 
 
 
 
 
 
 
Lin Concordance Correlation Coefficient (Pc) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Y1 = First measurement  
Y2 = Second measurement 
Sd = Standard deviation 
M = Mean 
 
Pc = 1 –  
[1/n sum (Y1-Y2 )
2]
[(sd Y1)2 + (sd Y2)2 + (MY1- MY2)2] 
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Appendix II: Linear regression raw data for Lovejoy et al. (1985); Buckberry 
& Chamberlain (2002) and Osborne, Simmons & Nawrocki (2004) 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Table A-1 Table produced for the linear regression analysis performed for Lovejoy et al. 
(1985). 
[population affinity is referred to as race due to character restrictions in SPSS data editor] 
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Table A-2 Table produced for the linear regression analysis performed for Buckberry & 
Chamberlain (2002). 
[population affinity is referred to as race due to character restrictions in SPSS data editor] 
Table A-3 Table produced for the linear regression analysis performed for Osborne, 
Simmons & Nawrocki (2004). 
[population affinity is referred to as race due to character restrictions in SPSS data editor] 
